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PREFACE 


The elucidation of the chemical reactions that constitute the major metabolic 
pathways during the last 30 to 40 years has provided a vast amount of in- 
formation about metabolism. This information has been used to construct 
metabolic maps, which tend to suggest that metabolism is now fully under- 
stood. This is certainly not the case. The information contained in such maps 
merely provides a factual basis from which new and exciting fields of research 
are being developed. This research will no doubt lead toa fullerunderstanding 
of biological phenomena at a biochemical level. The new fields of research 
include metabolic regulation and the interrelationships of metabolism. 
Knowledge of metabolic regulation and pathway-interrelationships has 
become available at a remarkable rate during the past decade and has made 
it possible, now, to construct a reasonably coherent account ofthe regulation 
of some of the more universally important pathways, particularly those 
involved in energy release and utilization. We hope that in this book we have 
provided such an account. 

Since most of the research in the field of metabolic regulation has been 
carried out relatively recently, and since certain of the theories presented are 
still controversial, we have discussed the available experimental evidence 
and its various, sometimes opposing, interpretations in some detail and we 
have provided a comprehensive bibliography. In some cases we have laid 
emphasis upon a particular theory at the expense of other plausible theories. 
This bias obviously reflects our personal opinions, although often these are 
strongly influenced by the consensus of opinion amongst research workers 
in the particular field. Despite the fact that certain of these theories will be 
modified with the acquisition of new data, the experimental basis on which 
the original theories were constructed should not change; it is only the 
interpretation of the evidence that will change. Consequently, this book 
should help not only in the understanding of current theories but also in 
following the logical developments of new theories of metabolic regulation. 

The basic approach to the study of metabolic regulation, to which we have 
adhered throughout this book, is presented in the first chapter, along with 
a brief outline ofthe theoretical aspects of energy transfer in living organisms. 
Chapter 2 consists of a discussion of the regulation of enzyme activity at a 
molecular level and describes the various ways in which amplification of a 
small metabolic signal may be achieved, in particular via sigmoid response 
curves, whether these be of allosteric or purely kinetic origin. In particular, 
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the sequential model of Koshland and the symmetry model of Monod, 
Wyman and Changeux have been discussed at length. It has been our 
intention to provide mathematical derivations that are entirely compre- 
hensible to a non-mathematician and, for this reason, certain derivations 
(such as of heterotropic effects in the Monod-Wyman-Changeux model) are 
placed in an appendix so that they do not interrupt the flow of the text. 

In the remaining chapters the theoretical principles and experimental 
techniques outlined in the first two chapters are actually applied to specific 
pathways in specific tissues. In some cases there is adequate knowledge 
available only in the case of mammalian tissues, but wherever possible other 
classes of animals have been included. The pathways under discussion include 
glycolysis, glycogen synthesis and degradation, the tricarboxylic acid cycle, 
fatty acid synthesis and oxidation, triglyceride synthesis and lipolysis and 
ketone body formation. Each pathway is treated in the same way, beginning 
with the elucidation of the regulatory enzymes, progressing through the 
theories of control of these regulatory enzymes and concluding with an 
appraisal of the physiological significance of the mechanism of regulation 
with regard to the proper functioning of the cell, the tissues and, where 
applicable, the animal as a whole. In this way we hope to provide such a 
unified approach to the subject of metabolic regulation that this book will 
be of use, not only to biochemistry students interested in the field of enzyme 
activity regulation, but also to students of physiology, medicine and biology. 
The book has been written with the aim of providing information about 
basic metabolism and its control and consequently it contains background 
information that may be of value to students, lecturers or research workers 
interested in physiological, pharmacological or clinical problems that are 
related to basic metabolic processes, Clinical aspects of regulation are 
stressed in relation to the role of the glucose/fatty acid cycle in diabetes 
mellitus, the role of fructose in hypertriglycerideamia, or the mechanism of 
mobilization of non-esterified fatty acids in response to stress and starvation. 
Intriguing physiological problems which are discussed include the control 
of fuel utilization by muscles during exercise and the control of heat pro- 
duction in brown adipose tissue. At a biochemical level, considerable space 
is given to a description of the delicate interplay between the various fuels 
for energy production (glucose, fatty acids, triglyceride and ketone bodies) 
which circulate simultaneously in the blood. The concept of the glucose/fatty 
acid cycle is developed to coordinate the roles and metabolic effects of these 
various fyels. Such a concept links the functions of several different tissues 
and therefore is discussed from different viewpoints in various chapters, with 
the aim of presenting a unified theory. 

In general, this book is designed for second and third year undergraduates 
who have already received an introduction to the chemistry of metabolic 
pathways, but it should also be of some value to research students and 
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lecturers who have to cover subjects related to metabolic regulation. The 
considerable amount of factual information, drawn from many different 
sources and presented in tabular form is supported by an extensive biblio- 
graphy. Appendices have been placed at the end of certain chapters because 
they contain additional information relevant to the chapters in question 
which would have interrupted the flow of the subject matter if inserted in 
the body of the text. 

Finally we have compiled a hormone index which deals in turn with each 
of the hormones whose functions are related to energy metabolism. This 
index was designed to aid students who need to study the various actions 
of an individual hormone for a particular study-project and it consists of a 
short description of each effect of the hormone, along with a reference to the 
section of the book in which the effect in question is described in greater 
detail. 

This book could have been entitled *Caloric Homeostasis'* since our 
discussion centres upon how the various fuels of respiration are made avail- 
able to the major tissues under different conditions, how their concentrations 
in the blood are controlled, and how the rate of fuel utilization by a particular 
tissue is related to the needs of the tissue and to the availability of alternative 
fuels. However, our discussion is not confined to the physiological aspects 
but extends to biochemical regulation at all levels of organization from the 
individual enzyme to the animal as a whole. Therefore we decided that 
‘Regulation in Metabolism’ was an apt title. 

We wish to express our gratitude to our colleagues who have helped in 
various ways with the preparation of the material for this book. In particular, 
Dr B. Crabtree provided many helpful discussions, Dr D. H. Williamson 
provided much factual information and always at very short notice, and 
Dr A. R. Leech provided advice and technical expertise in the preparation 
of many of the Figures. Finally we would like to thank our typist, Mrs I. 
Mellor who produced an excellent typescript with the minimum of typo- 
graphical error from our somewhat disorganized and, in parts, illegible 
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* The term homeostasis has been defined by G. M. Hughes (1964) Symp. Soc. Expt. Biol., 18, 
vii, as follows: 

Homeostasis in its widest context includes the coordinated physiological processes which 
maintain most of the steady states in organisms. Similar general principles may apply to the 
establishment, regulation and control of steady states for other levels of organization. It must 
be emphasized that homeostasis does not necessarily imply a lack of change, because the 
‘steady states’ to which the regulatory mechanisms are directed may shift with time. But 
throughout the change they remain under more or less close control. 

Such a concept can therefore be applied to organizations at cellular, organ system, individual 
and social levels. It may be considered in relation to time intervals ranging from milliseconds 
to millions of years. Its essential feature is the interplay of factors which tend to maintain a 


given state at a given time. 
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CHAPTER 1 


INTRODUCTION TO REGULATION IN 
METABOLIC PATHWAYS 


A. INTRODUCTION 


A metabolic pathway consists of a series of enzyme-catalysed reactions that 
convert a substrate into a product. The constituent reactions of many such 
pathways have been elucidated largely during the period 1930-1950 by the 
application of various techniques: the identification of intermediates which 
accumulate upon the addition of specific inhibitors of the pathway, the 
addition of possible intermediates of the pathway (since their conversion to 
the product confirms this role) and the addition of radioactively labelled 
substrate (or intermediates) and the study of the distribution of label in 
intermediates and product. The final stage has involved the separation of the 
enzymes of the pathway and the elucidation of the chemistry of each reaction 
in isolation. The results of these investigations have been collated into the 
metabolic maps which adorn the walls of many laboratories. The advent of 
such maps, in which metabolic pathways are presented rather like a wiring 
diagram for a piece of electronic apparatus, has served a useful purpose in 
providing a visual aid for understanding and memorizing complex pathways. 
However, these maps do not explain the process known as ‘metabolism’. 
The more detailed study of the kinetic properties of individual enzymes in 
the period 1940-1960, together with the development of simple but specific 
enzymatic assays for metabolic intermediates, opened the way for an exten- 
sion of research into the comparatively new field of metabolic control. There 
has been such an explosive increase in the amount of information in this 
field that an appraisal of the experimental facts and a discussion of current 
theories may help to clarify the situation. Such a discussion is attempted in 
this volume, especially in relation to the pathways involved in the storage, 
synthesis and utilization of various fuels for energy production in higher 
animals. 

The biological necessity for a large number of enzymatic steps in a meta- 
bolic pathway probably stems from the limitation in the chemistry that can 
be performed by individual enzymes. The advantages of enzymatic catalysis 
include specificity and high turnover rate, but these are probably attained at 
the expense of chemical versatility. The chemistry involved in the individual 
steps is usually relatively simple. Consecutive steps in a pathway are related 
by the substrates and products of each reaction. However, it is possible for 
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the reactions to be organized to a greater extent than this. Thus, enzymes 
catalysing individual reactions may be so structurally organized that the 
metabolic intermediates constituting the pathways are always bound to an 
enzyme surface and the products are handed on as substrates for the sub- 
sequent reactions. This situation is somewhat analogous to the production 
line in modern mass-production industry. One example of this type of 
enzymatic organization is the -oxidation pathway for conversion of fatty 
acyl-CoA derivatives to acetyl-CoA. The fatty acyl-CoA molecule loses two 
hydrogens which are transferred to flavin adenine dinucleotide (FAD) by the 
enzyme fatty acyl-CoA dehydrogenase; a molecule of water is added across 
the carbon-carbon double bond by the enzyme enoyl hydrase, and the pro- 
duct, a f-hydroxyacyl-CoA, is dehydrogenated by the appropriate NAD - 
linked dehydrogenase. The resulting fi-ketoacyl-CoA is cleaved thiolytically 
to produce one molecule of acetyl-CoA and one molecule of a fatty acyl-CoA 
whose hydrocarbon chain is two carbon atoms shorter than the original 
fatty acid (see Figure 1.1). The intermediates of this pathway, fatty enoyl-CoA, 


R.CH;*CH;: COSCoA 


FAD 
> Acyl-CoA dehydrogenase 
| У FADH: 


R.CH—CH- COSCoA 


H20 
Enoyl hydrose [^ 


R.CHOH- CH;- COSCoA 


NAD* 
B—hydroxyacyl- CoA dehydrogenase К 
" 


NADH 
R.CO- CHz- COSCoA 


CoA: SH 
B-kelothiolose E 


R.COSCoA + CH3COSCoA 


Figure 1.1. The f-oxidation pathway 


B-hydroxyacyl-CoA and f-ketoacyl-CoA have not been isolated from tissues 
and this has led to the suggestion that they are all enzyme-bound. This would 
seem a satisfactory biological arrangement as these intermediates are not 
required for any process other than the fl-oxidation system. 
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Although the ff-oxidation pathway is not the sole example of an organized 
enzyme system, such systems are comparatively rare in metabolism. Meta- 
bolic pathways such as glycolysis, gluconeogenesis, the tricarboxylic acid 
(TCA) cycle, the pentose phosphate pathway and various aspects of amino 
acid metabolism do not appear to be organized to the extent of the above 
example. The intermediates of these pathways, although present at low 
concentrations in the tissue, are detectable by specific assay techniques. 
Indeed the interrelated nature of metabolism requires that a number of 
compounds function as intermediates and/or precursors for more than one 
metabolic pathway (for example, glucose-6-phosphate is a precursor for 
glycolysis, pentose phosphate pathway and glycogen synthesis). Such inter- 
mediates always have to be available for more than one pathway and the 
relative rates of these pathways may vary under different conditions. There- 
fore the intermediates cannot be exclusively enzyme-bound. Indeed, the 
apparent mobility of metabolic intermediates within the cell is employed for 
the purpose of metabolic regulation; certain compounds function both as 
metabolic intermediates and as metabolic regulators of key enzymes. A 
change in concentration of such an intermediate provides information about 
the state of metabolism at a particular position. The mobility of the inter- 
mediate allows it to relay information rapidly to regulatory enzymes which 
may be found in a different position in the cell. à 

The term *organized' has been used to describe such pathways as fatty acid 
oxidation because of the structural organization of the enzymes involved. 
This must not imply that other pathways (such as glycolysis, TCA cycle) are 
disorganized. Although the enzymes which constitute such pathways are not 
physically organized, they are highly organized in a chemical sense. The 
concentrations of enzymes of the pathway are such that the catalytic activities 
of certain enzymes can limit the overall flux through the pathway, while other 
reactions can occur rapidly and are limited by the substrate (intermediate) 
or cofactor concentrations. This chemical organization is synonymous with 
metabolic regulation. As the details of these regulatory mechanisms are 
unfolded throughout this book they will emphasize that specific chemical 
catalysis is but one function of enzymes in a metabolic pathway and that, 
although not necessarily in physical contact, each enzyme is informed of the 
state of the remainder of the pathway by specific chemical signals (such as 
concentrations of substrate, product or specific regulators). 


B. SOME THEORETICAL ASPECTS OF METABOLIC PATHWAYS 


This section will discuss certain theoretical principles relating to the 
operation of metabolic pathways, since it is necessary to have some know- 
ledge of these principles before attempting to understand the experimental 
approaches to metabolic control. In this book such principles are considered 
from an energetic rather than kinetic viewpoint. 
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1. Theoretical introduction to energy transfer 


Energy transfer plays a fundamental role in all living organisms and 
therefore it has received a great deal of attention both experimentally and 
theoretically. Many books have been written on the theoretical aspects of 
energy transfer and it is not the desire of the authors to repeat detailed 
discussions and explanations of subjects that are dealt with elsewhere. 
Nonetheless, as energy considerations cannot be excluded from any discus- 
sion of metabolic regulation, particularly for an understanding of the 
experimental approaches, some important principles of energy transfer are 
described as briefly and as simply as possible. This section is not intended to 
be a comprehensive account of biological energetics. References 1—7 are 
recommended for students who wish to read more deeply into this fascinating 
sübject. т 

One simple means of understanding some of the problems that arise in 
biological energetics is to divide energy transfer into three classes : chemical 
bond energy, heat energy and energy expended in work. 


(a) Chemical bond energy 
In the following reaction 


ky 
A-B + C æ B-C + A 


the chemical bond energy of the system (A-B + C), is redistributed in order 
to form a certain quantity of the system (B-C + A). If the concentrations (or 
more correctly the thermodynamic activities) of the reactants and products 
are such that no energy is lost (or gained) as heat during the reaction and no 
work is done, either by the reaction ог on the reaction, then the system is at 
equilibrium. Under such conditions the rates of the forward and reverse 
reactions are identical and the concentrations of reactants and products 
remain constant, despite the fact that they are being rapidly interconverted. 
Although this is known as the stationary state, it must be emphasized that 
chemical bonds are being broken and formed and energy is being constantly 
redistributed. Since the system is at equilibrium, the transference of chemical 
bond energy occurs without any loss and is therefore 100 % efficient. When a 
chemical reaction is not at equilibrium, the approach to equilibrium occurs 
spontaneously and it is accompanied by a decrease in Gibbs free energy (AG). 
This means that the reaction system loses energy which may be released as 
heat, or may be used to perform useful work, or may be transferred as 
chemical bond energy into the components of another reaction to which it 
is coupled. The conservation of energy in the form of specific chemical bonds 
is the basis of energy transfer in living organisms. If the reaction 
A-B + C ze B-C +A is displaced from equilibrium, some of the energy 
that is released as the process approaches equilibrium could be used to form 
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ATP by phosphorylation of ADP with inorganic phosphate (B). In other 
words, two reactions are coupled together and from the energetic point of 
view they can be considered as one reaction. 


A-B + © бора. +А 
Р, + АРР АТР 


If the overall reaction is at equilibrium, the transfer of energy for the 
phosphorylation of ADP is 100 % efficient, but there is no net formation of 
ATP. 

The Gibbs free energy (AG) of any chemical reaction is a measure of its 
capacity to do work. As the reaction proceeds spontaneously and the free 
energy decreases, so its capacity for performing useful work declines until 
at equilibrium it reaches zero, when there is no longer any change in free 
energy. Obviously the free energy of the system must in some way be related 
to the concentrations of reactants and products, since the free energy no 
longer changes once the equilibrium concentrations are attained. It can be 
shown (see references 2 and 3 or any standard text) that the relation between 
concentrations of reactants and products is described by the equation: 


Product of equilibrium concentrations of products | 


att кти Product of equilibrium concentrations of substrates 


Product of initial concentrations of products | 


RTI S 5 
" Я (вв of initial concentrations of substrates 


Therefore 
Ргодис ан 
AG = —RTIn K + RTIn Quee] 


[Substrate]isiiat 


where K is the equilibrium constant. (When the initial concentrations of 
products and reactants are 1-0 M, the term on the right, i.e. 


[Product] nitiat | 


тын [Substrate] „ал 


becomes zero, so that 
AG? = —RTInK. 


AG? is a constant and is known as the standard free energy change of the 
reaction.) The higher the initial concentrations of A-B and C, and the lower 
the concentrations of B-C and A, the greater is the amount of energy released. 
The equation given above indicates the amount of energy that is released at 
an instant of time when the concentrations are as stated. As the reaction 
continues with the conversion of A-B and C into B-C and A, the equili- 
brium position will be approached so that RT In ([products]/[substrates]) 
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will approach the value of RTIn К (but with the opposite sign) and the 
amount of energy released will approach zero. In order to calculate the 
amount of energy released when certain concentrations of A-B and C are 
allowed to proceed to equilibrium, integration of the above equation between 
the limits of the initial and final concentrations of reactants and products will 
be necessary. 

Calculations of the free energy changes in various biochemical reactions 
described in some textbooks are based on AG? values. Therefore, the amounts 
of energy that are calculated are only valid if all the components of the 
reaction are 1-0 M. Such concentrations are unlikely to occur in the living 
cell. To calculate more realistic energy changes the actual concentrations of 
the products and reactants within the cell must be taken into account, 
ie. the equation 


AG = —RTIn K + RTIn [рее 
[reactants] 

must be used in any calculation and not AG? = — RT In K. If AG is negative 

the reaction will proceed in the forward direction and if AG is positive the 

reaction will proceed in the reverse direction. Thus, by manipulating the 

concentrations of the products and reactants, the direction of the reaction 

can be changed. 

However, in many metabolic reactions it is not even valid to calculate AG 
from these equations. The reason is that although the concentrations of 
reactants and products are usually maintained fairly constant, there is a 
continuous flux through the pathway (that is, a steady-state condition). The 
above equations for AG have been derived from equilibrium thermodynamics 
but in the steady-state condition, equilibrium thermodynamics no longer 
applies. The thermodynamics of the steady state is a complex subject which 
will not be discussed in this text ; interested students should consult references 
8 and 9 for information on steady-state or irreversible thermodynamics. 
Nonetheless, important qualitative information can still be obtained from 
the application of equilibrium thermodynamics to metabolic systems. 


(b) Heat energy 
Chemical bond energy can be converted into heat. When the reaction 


A-B + C > B-C + A + heat 


proceeds from left to right, heat, which arises from some of the chemical bond 
energy of the system (A-B + C), is released. If loss of heat from the system is 
prevented, the reaction is described as a closed adiabatic system— i.e. there is 
no gain or loss of any component to the environment. Eventually in such a 
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system the reaction will reach equilibrium in which the rate of the forward 
reaction, which liberates heat, equals the rate of the reverse reaction which 
absorbs heat. However, ifa large proportion of this heat is lost to the environ- 
ment, the reaction is described as an open system and will proceed until large 
quantities of B-C and A accumulate and very small quantities of A-B and C 
remain. Thus, chemical reactions which release a large amount of heat will 
have a large negative standard free energy change (AG). Of course, some of 
this energy which in one situation may be released as heat, can also be 
utilized to drive another chemical reaction. This process is known as coupling 
and, if all the available energy is coupled to the other reaction, no energy is 
lost as heat and the combined reaction is at equilibrium. (These discussions 
assume that there is no change in entropy.) If some of the available energy is 
released as heat which is dissipated to the environment, the reaction will be 
displaced from equilibrium. The greater the loss of heat, the greater will be 
the displacement from equilibrium. In biochemical systems, reactions which 
are displaced far from equilibrium are described as irreversible or non- 
equilibrium reactions. 

From subsequent discussions on metabolic regulation it should become 
apparent that the importance of non-equilibrium reactions is that they are 
selected by the cell for the purpose of feedback regulation. Thus, the continu- 
ous transfer of chemical bond energy into heat is an absolute necessity in 
order to keep such reactions displaced far from equilibrium (see below). 


(c) Energy for useful work 


The reaction 
A-B+C2BC+A 


may be so organized that, as it takes place, A is translocated across a 
membrane against a concentration gradient. In this case some of the energy 
of the chemical bonds in the system (A-B + C) is used for osmotic work— 
that is, to reverse the spontaneous movement of A down a concentration 
gradient. In this situation chemical bond energy is transformed into the 
increased chemical potential of compound A. Similarly, if the energy released 
in this reaction was used for muscular contraction, it might result in the 
movement of an animal from a lower to a higher position (for example, from 
the ground to a branch in a tree). The animal would have done work against 
gravity and chemical bond energy would have been converted into potential 
energy stemming from the elevated position of the animal. In this case the 
amount of work performed by the animal can be calculated from the equation, 
work done — mgh, when m is the mass of the animal, g is the gravitational 
acceleration and h is the increase in height. Energy is of course expended in 
movement along a horizontal surface but in this case the energy is used to 
overcome frictional rather than gravitational forces. 
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2. The conditions of equilibrium, non-equilibrium and the steady state as 
applied to metabolic pathways 
The terms, equilibrium, non-equilibrium and steady state will be used in 
various chapters throughout this book and it is essential that the meanings 
of these terms are clarified at this early stage. 


(a) The equilibrium condition 

In a process at equilibrium the rates of the forward and reverse reactions 
are identical: there is no net flux in either direction. Since there is no free 
energy change at equilibrium, this is the most stable condition for any 
reaction or process. Consequently, all reactions will proceed towards this 
stable state. The change in Gibbs free energy as a reaction proceeds spon- 
taneously towards the equilibrium state is the driving force behind all 
biological and, for that matter, non-biological processes. Therefore the 
equilibrium state, of itself, is of no energetic value to an organism, since the 
release of energy, its conservation and its utilization are the manifesta- 
tions of life itself. Metabolic processes constitute a dynamic system in which 
there is a net flux of both matter and energy, so that the overall process must 
always be removed from equilibrium. Of course, the direction of flux within 
a metabolic pathway is dictated by the position of equilibrium. These 
discussions must not be taken to imply that all reactions in the cell are 
removed far from equilibrium. Indeed some reactions appear to be very close 
to equilibrium, but the overall process must be non-equilibrium. 


(b) The non-equilibrium condition 

A process that is removed from equilibrium will undergo a negative free 
energy change as it proceeds towards the equilibrium state. This free energy 
may be lost as heat to the environment so that the reaction will proceed until 
a large proportion of the reactants are converted into the products. Thus the 
unidirectionality of a reaction or pathway depends on some of the available 
free energy being lost as heat. However, all the available energy need not be 
lost; some of it can be conserved for use by the cell. This is illustrated with 
reference to glycolysis which can be represented in a shorthand version as 
follows: 


glucose lactate 
ADP + P, ATP 


If this pathway were at equilibrium (or very close to equilibrium), all the 
energy released from the conversion of glucose to lactate would be transferred 
to the ATP molecules and the process of energy transfer would be totally 
efficient. Unfortunately, at equilibrium there would be no net flux through 
the pathway and no net synthesis of ATP. 
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It is necessary for glycolysis to proceed in the direction of lactate formation 
and, in order to ensure such unidirectionality, the pathway must be displaced 
from equilibrium. This means that some of the chemical energy that is re- 
leased when glucose is converted into lactate must be lost as heat. If all the 
energy were lost as heat, the non-equilibrium character of the pathway would 
be ensured, but it would be of little value to the organism. Therefore, a living 
organism must compromise by losing some of the available energy and 
conserving the remainder in a biologically useful form (usually ATP). Thus, 
in glycolysis only a proportion of the total energy is used in the synthesis of 
ATP (for every glucose molecule converted to lactate, two molecules of ATP 
are produced from ADP and P)). Similarly, in a process which performs work, 
some of the available energy must be lost as heat in order to ensure that the 
production of work always occurs when this process is stimulated. For 
example, in the process of ion transport across a membrane (which requires 
ATP) some of the available energy from ATP hydrolysis must be lost as heat 
so that the ion-transport process is unidirectional. If the transport process 
were to approach equilibrium, any slight change in the concentration of the 
ions might cause ion transportation to change direction and result in ATP 
generation. The loss of heat in a metabolic pathway (or any other process) 
may be considered as the price the organism has to pay in order to ensure 
unidirectionality of the pathway (or process). 

Although it is possible to consider the loss of heat as the ‘driving force’ of 
the process, it must not be assumed that the rate of the pathway will be 
governed by this degree of displacement from equilibrium. The flux is 
usually governed by other factors that are quantitatively unrelated to this - 
displacement (for example, the activities of specific regulatory enzymes in 
the pathway or the concentration of a cofactor for the pathway—see 
Section D). 


(c) The steady-state condition 


How can processes such as glycolysis or the aerobic oxidation of glucose 
be maintained continually in the non-equilibrium state? This is only achieved 
by the constant exchange of matter and energy between living organisms and 
their environment. A system which exchanges matter and energy with its 
environment is described as an open system. Conversely a closed.system does 
not exchange matter or energy with the environment and will therefore 
eventually reach equilibrium. The substrates of metabolic pathways are 
continually derived from the environment and end-products are continually 
returned to the environment (ultimately as CO,, HO, etc.). The processes 
that constitute metabolism only attain the equilibrium state when the organ- 
ism is dead. The condition in which the substrate is continually supplied and 
the products continually removed, so that the concentrations of the inter- 
mediates of the pathway remain constant despite a constant flux through 
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the pathway, is known as the steady state. It can be described as a stable yet 
dynamic non-equilibrium condition. 


(d) The steady-state condition and metabolic regulation 


In the series of reactions that constitute a metabolic pathway the total 
loss of energy as heat could be divided fairly evenly between each of the 
individual reactions so that they are all somewhat displaced from equilibrium. 
This would appear to be the spontaneous situation in any non-equilibrium 
pathway. It is somewhat analogous to a river flowing downhill in which 
potential energy of the water is lost continuously and fairly evenly along the 
length of the river. The analogy between the steady-state condition of a river 
and that of a metabolic pathway is illustrated in Figure 1.2. 


Photosynthesis 
CO, 
a 
но 
Heat loss 


SE 
Breakdown of 
carbohydrate under 
steady-state conditions 


River flowing under 
steady-state conditions 


Figure 1.2. Maintenance of a steady-state condition. The elevated 
position of the water in the reservoir provides the source of the water 
for the river which links the reservoir and the sea. The difference in 
levels between the reservoir and the sea provides the potential energy 
for the flow of water. This difference is maintained by the evaporation 
of water from the sea, formation of: clouds, and rainfall over the reservoir. 
The energy for maintenance of the steady state is obtained from the sun. 
The steady-state condition of carbohydrate oxidation in a living 
organism is maintained in an analogous manner. The chemical energy of 
the carbohydrate is released during the oxidative Process, but the 
photosynthetic organisms resynthesize carbohydrate from co, and 
H,0 with radiant energy obtained from the sun 
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If the rate of flow of water along a river is to be controlled, dams must be 
constructed at various stages along the length of the river. A dam produces 
a reservoir of water and the outflow from such reservoirs can be controlled 
by the level of the sluice gate at the dam. For example, if the gate is lowered, 
the potential of the water at the dam is increased and the water flows more 
rapidly downhill. In the series of reactions which constitute a metabolic 
pathway, a few may be displaced far from equilibrium, whereas the majority 
of reactions may be close to equilibrium (Figure 1.3). (It must be emphasized 


Substrate — | k 
energy level @ Product + ~® 


ENERGY LOST IN 
THE REACTION (2) Product + ~) 
AS HEAT 


(3) Product + ~® 


Product energy ,| (4) Product 
level 


Figure 1.3. Simple energy diagram of metabolic pathways. (1) Pathway is at 
equilibrium so that no energy is lost: all the chemical energy released in the 
pathway is conserved in the energy-rich phosphate (~ ®) bonds. (2) Pathway is 
non-equilibrium and energy loss occurs at two discrete steps. Some energy is 
conserved in ~ ® bonds. (3) Pathway is non-equilibrium and energy loss occurs 
all along the length of the pathway. Some energy is conserved in ~ ® bonds. 
(4) All chemical energy available in the pathway is lost as heat along the length 
of the pathway 


that a reaction cannot be at equilibrium if a flux occurs through that reaction ; 
it can, however, be very close to equilibrium.) This is not a spontaneous 
situation. The non-equilibrium reactions have a similar function to a dam 
in that they restrict the flux at that position of the pathway.'? Consequently 
they provide potential control points. 


C. EXPERIMENTAL APPROACHES TO METABOLIC CONTROL 


The complexity of metabolism makes it difficult to understand how 
information on the regulation of enzyme activity can ever be obtained. 
Nevertheless, major advances in knowledge of metabolic regulation in 
higher animals have been made over the past ten years and these have 
stemmed from improvements both in techniques and in experimental 
approach. The latter is based on a theoretical understanding of the energetics 
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and dynamics of metabolic pathways and it represents a logical procedure 
for investigating regulation, once details of the biochemistry and physiology 
of the pathway are available. The approach outlined below is not intended 
to cover comprehensively all aspects of regulation of enzyme activity, but it 
should provide a broad basis for reviewing the regulation of metabolic 
pathways. 

The basic principles which have been discussed in detail in a review 
article’? are as follows: 


(a) The enzymes which play a specific role in the regulation of a metabolic 
pathway are identified by certain criteria. 

(b) The properties of such regulatory enzymes are investigated in detail 
in vitro, 

(c) On the basis of these properties a theory of metabolic control is 
formulated. : 

(4) The theory, or predictions which arise from the theory, are tested. 


The theory is modified, extended or rejected accordingly. 

Although the relationship between points (b), (c) and (d) varies according 
to the particular enzyme under consideration, the identification of regulatory 
enzymes (a) is an exercise that is similar for all metabolic pathways and it 
poses some general problems (see reference 12). 


1. Identification of non-equilibrium reactions 


One of the first problems in metabolic control is to understand how, when 
presented with a pathway consisting of a large number of intermediate 
reactions (glycolysis, for example, contains at least 11 reactions between 
glucose and pyruvate), the regulatory enzymes can be identified. The 
theoretical principles discussed above were designed to provide background 
information for this experimental approach. The first step is to classify the 
intermediary reactions as near-equilibrium (equilibrium) or far-removed 
from equilibrium (non-equilibrium). The two main experimental approaches 
that have been used to identify non-equilibrium reactions are the comparison 
of equilibrium constants with mass-action ratios and the measurement of 
maximal enzyme activities. 


(a) Comparison of equilibrium constants and mass-action ratios 
The equilibrium constant of a reaction 
A+Be2C+D 
is defined by 


B 
К = ТАВ] 
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In most experiments the equilibrium constant is calculated from the con- 
centrations of substrates and products when these are not at infinite dilution, 
so that the calculated constant is termed the apparent equilibrium constant 
(К). The thermodynamic equilibrium constant (К) is obtained if the 
concentrations approach those at infinite dilution or if the thermodynamic 
activities of the substrates and products are calculated from the concentra- 
tions and inserted into the equation in place of the concentrations. Some 
experimental methods for the determination of K’ are given in Appendix 1.1. 

An enzyme is a catalyst and therefore cannot alter the position of equili- 
brium of a reaction. If an enzyme catalyses an equilibrium (or near-equili- 
brium) reaction in the cell, the concentration ratio Products/Substrates 
should approximate to K' of that reaction. The contents of substrates and 
products ofa reaction can be measured within a tissue and the ratio Products/ 
Substrates, which is termed the mass-action ratio (I), can be calculated. If 
the value of Г is similar to that for K’ then it can be concluded that this 
reaction is near-equilibrium in the cell. However, if T is found to be markedly 
smaller than K' then this suggests that the reaction is displaced far from 
equilibrium—that is, the enzyme catalyses a non-equilibrium reaction in 
the cell. 

The measurement of the mass-action ratio poses a number of problems, 
some of which are only apparent when the details of the experimental 
technique are fully understood. The measurement of a mass-action ratio and 
a discussion of some of the problems that arise in the interpretation of mass- 
action ratio data are described in Appendix 1.2. 


(b) The measurement of maximal enzyme activities 

A non-equilibrium reaction in a metabolic pathway arises because the 
enzyme which catalyses this reaction is not sufficiently active to bring the 
substrates and products to equilibrium. The preceding and subsequent 
enzymes possess much higher catalytic capacities for formation of the 
substrate and removal of the product than the ‘non-equilibrium’ enzyme 
has for their interconversion. This situation provides a second method of 
identifying non-equilibrium reactions in a metabolic pathway. The maximum 
activities of all the enzymes in the pathway are measured in vitro and on the 
basis of these results the enzymes are classified into low- and high-activity 
groups. The enzymes in the low-activity group are considered to catalyse 
non-equilibrium reactions in the cell. Meaningful results can be obtained 
from such a study only if the enzymes are assayed under optimal conditions 
and consequently some preliminary information on the properties of each 
enzyme is essential before this method is attempted. It is preferable to 
measure enzyme activities in crude homogenates since purification can lead 
to a loss of activity ; but in certain cases some degree of purification may be 
necessary in order to obtain a satisfactory assay. 
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In general it has been found that the difference in activities of these two 
groups of enzymes is 10- to 1,000-fold. When such a difference exists the 
identification of non-equilibrium reactions is straightforward since it is 
unlikely that enzymes will have been wrongly classified owing to poor 
recovery or inadequate assay conditions. In the interpretation of enzyme 
activity data it should be made clear that if an enzyme is found to be of high 
activity it need not necessarily catalyse an equilibrium reaction in vivo: it 
may be inhibited to a very great extent in the cell. Consequently such data 
should be supported, if possible, by mass-action ratio measurements. Also 
an enzyme may catalyse an equilibrium reaction under one set of conditions 
but under other conditions it may be inhibited 95-99% and therefore 
catalyse a non-equilibrium reaction. Ideally the two methods of identification 
of non-equilibrium reactions should provide a similar classification. Indeed 
the mass-action ratio method should reflect the relative enzyme activities in 
situ, since the non-equilibrium character of a reaction is due to a low catalytic 
activity in relation to enzymes catalysing other reactions. 

These two techniques have been used extensively in the study of most of 
the metabolic pathways which have been examined to date. However, two 
other possible approaches to the problem of identifying non-equilibrium 
reactions should be mentioned. 


(c) Supplementation experiments 


Potential regulatory reactions can occasionally be indicated by measuring 
the rate of synthesis of the product from a variety of intermediates of the 
pathway. Thus for a pathway 


S2A-BeCe2DeP 


P will be synthesized more rapidly from B than from A or S, if A > Bisa 
non-equilibrium reaction. On a practical level, the difficulty with supple- 
mentation experiments is the relative impermeability of whole cells (or cell 
organelles) to the intermediates of the pathway. Therefore P may be formed 
faster from C than from B, simply because the cell is more permeable to C, 
and a non-equilibrium reaction at the interconversion of B and C may be 
falsely indicated. It is also important to realize that if a substrate is used 
which is not an intermediate per se, but which can give rise to an intermediate, 
then its entry into the pathway could occur via a non-equilibrium reaction. 
For example, in the pathway 
E 


l 
SaA>BeCeaDeP 


if C gives rise to P faster than E gives rise to P, this does not indicate that 
B>Cis non-equilibrium, since the rate of conversion of E > B could be 
limiting. 
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(d) General considerations 

Finally, it may be possible to assess which reactions would be suitable 
regulatory reactions on the basis of their position in a pathway. In general, 
the most efficient control of the utilization of a substrate would be effected 
by a reaction at the beginning of the pathway, possibly even at the level of 
transport into the cell. Other likely control points occur immediately after 
a branch point in a pathway. Obviously such general considerations merely 
provide a guideline in the initial stages of the investigation and, ifthey support 
the experimental findings, they may inspire confidence in the results at the 
end of the investigation. 


2. Identification of regulatory enzymes 

The above discussions have dealt with the identification of enzymes which 
catalyse non-equilibrium reactions. What is the relationship between a ‘non- 
equilibrium’ enzyme and a regulatory enzyme? One difficulty in understand- 
ing the problem of metabolic control lies in the definition of a regulatory 
enzyme. To some extent the activities of all the enzymes in a metabolic path- 
way are regulated : when the flux through the pathway changes, the activities 
of all the enzymes must change. The crucial question is, which is the enzyme 
which responds to the original metabolic signal and thereby initiates sub- 
sequent changes in the activities of the remaining enzymes? Since the nature 
of the metabolic signal remains unknown until the regulatory enzyme has 
been identified, postulated mechanisms of control cannot be used to indicate 
regulatory enzymes. This problem is resolved by the precise definition of the 
term ‘regulatory enzyme’. 

It is possible to define a regulatory enzyme simply as ‘an enzyme which 
catalyses a non-equilibrium reaction’. (Although under certain conditions 
reactions which are close to equilibrium may be regulatory—see Section 
D.2.) A ‘non-equilibrium’ enzyme possesses a low catalytic activity and for 
this reason it will limit the flux through the pathway. The activity of this 
enzyme could be regulated solely by changes in substrate concentration. In 
this case the investigation would then be directed towards factors responsible 
for the modification of substrate concentration. A feedback-inhibition type 
of control mechanism operates if the enzyme is controlled by factors other 
than the substrate concentration. Therefore a regulatory enzyme may be 
defined as ‘an enzyme which catalyses a non-equilibrium reaction and whose 
activity is controlled by factors other than the substrate concentration’. 
This second definition is more restrictive than the first but both are applicable 
—there can be no absolute definition of the term ‘regulatory enzyme’. The 
two definitions given above are operational in that they suggest experimental 
approaches to the problem of identifying regulatory enzymes. The experi- 
mental approaches that can be used in the identification of non-equilibrium 
reactions have already been described. The approach that can be employed 
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for the identification of regulatory enzymes (according to the second more 
restrictive definition) is described below. 


(a) Changes in substrate concentration of a non-equilibrium reaction 


The identification of a non-equilibrium reaction requires that the pathway 
is in a steady-state condition but the knowledge of the flux through the 
pathway is not required. However, for identification of a regulatory enzyme 
the flux through the pathway must be perturbed in order that changes in 
the steady-state concentrations of the substrates of the ‘non-equilibrium’ 
enzymes can be measured. If the substrate concentration of a ‘non-equili- 
brium’ enzyme changes in the opposite direction to the flux (for example, 
flux increased and the substrate concentration decreased), this indicates that 
the enzyme is regulatory. The rationale behind this approach is very simple: 
a change in substrate concentration in the opposite direction to the change 
in catalytic activity is inconsistent with control by substrate concentration. 
It must be stressed that the reason for the change in substrate concentration 
is unimportant and in no way interferes with the interpretation of the data. 

There are two important points to note in the interpretation of the data 
from such experiments, First, it is not possible to conclude that the enzyme 
is not regulatory (according to the second definition); if the flux and substrate 
concentration change in the same direction, this cannot be interpreted as 
regulation only by substrate concentration. It is possible for an enzyme to be 
regulated both by a change in substrate concentration and by a specific 
regulator. Second, when the term ‘substrate’ is used in this definition, it refers 
only to the pathway substrate and not to a cofactor or alternative substrate 
(such as ATP or NAD*). The pathway substrate may be defined as that 
substrate which is modified by the enzyme and which represents the flow of 
matter through the pathway. 


(b) The significance of the crossover theorem in metabolic control 


The use of changes in flux and steady-state levels of intermediates to 
identify positions of regulation or inhibition was first discussed in detail by 
Chance et а1,! in the study of electron transport and oxidative phosphoryla- 
tion. These workers proposed the ‘crossover theorem’ which states that when 
a pathway is inhibited at a specific reaction, the substrate concentration will 
increase and the product concentration will decrease and Vice versa. This is 
indeed the case in the respiratory chain where the components change, not 
in terms of concentration, but in the state of oxidation. Consequently, if the 
oxidized form is increased, it follows that the reduced form must be decreased. 
The concept of the crossover theorem was then applied to the identification 
of regulatory enzymes but in this case the change in the product concentration 
is irrelevant. All that is required in this analysis of regulatory enzymes is to 
establish the non-equilibrium character of the Teaction and to show that the 
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substrate of this reaction changes in the opposite direction to the flux (see 
reference 12). 


3. Study of the properties of regulatory enzymes 

A positive indication that a ‘non-equilibrium’ enzyme is indeed regulatory 
(that is, its activity is modified by factors other than the pathway substrate) 
inspires confidence that it will be possible to identify the metabolic regulator(s) 
in a systematic in vitro study of the properties of the enzyme. Initially, the 
effects of substrate, product, cofactors, etc., are tested, but after this it is 
necessary to search for effector molecules which may bear no chemical 
relationship to either substrate or product. Often this is a process of trial and 
error, although the nature of the effector may be predicted by intelligent 
assessment of the pathway and its association with other pathways. 

The experimental conditions for the assays of regulatory enzymes depend 
upon the particular enzyme under investigation. The enzyme is normally 
extracted from the tissue in a medium in which it retains maximum catalytic 
activity. However, it is difficult to assess how much purification of the initial 
crude extract is necessary, or desirable, before the properties of the enzyme 
can be studied. A suitable compromise has to be reached between the use of 
crude extracts, in which the properties of the enzyme that are relevant to 
metabolic control are more likely to be preserved, and purification of the 
enzyme to facilitate accurate assays for a detailed kinetic analysis. Excessive 
purification may distort, or even remove, important control properties. 
Therefore the enzyme should be investigated initially in as crude a system 
as allows satisfactory assay of activities. 


4. Formulation of a theory of metabolic control 


Once the regulatory enzymes have been identified and their properties 
investigated, it is possible to postulate a theory of control. There are two 
points concerning the formulation of theories which are elementary but 
which are often overlooked. First, the theory should give rise to predictions 
that are experimentally testable since there is little value in suggesting a 
theory of metabolic regulation which cannot be tested, either because it is 
too complex or because the practical problems are insuperable. Second, the 
theory has to accommodate itself to most of the accepted physiological 
facts relating to the particular metabolic pathway. 

The major drawback of this general approach to metabolic control is that 
the theory is based upon the extrapolation of properties of isolated enzymes 
to the unknown conditions of the intact cell: it is assumed that factors that 
influence the activity in vitro will have a similar effect inside the cell. 

In many cases the enzymes are studied in vitro at concentrations of approxi- 
mately 1 ug/ml whereas in the living cell their concentrations may be as high 
as 1 mg/ml. The methods currently available for enzyme assays are designed 
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to operate over a period of several minutes and with these methods it is not 
possible to measure activities of enzymes at such high concentrations. In 
order to tackle such problems experimentally it may be necessary to apply 
stop-flow techniques. Incubations could be precisely controlled for tenths 
of seconds with these techniques so that the properties of higher concentra- 
tions of enzyme could be investigated. So far such techniques have not been 
used in the study of the properties of regulatory enzymes. 


5. Testing the theory of metabolic control 


The theory may be tested by experimental manipulations that result in 
variations in the concentrations of factors which are thought to regulate the 
enzyme activity. These are correlated with effects on the rate of the metabolic 
pathway. The most decisive experiments are usually those performed on 
intact tissue preparations. If the theory is to be substantiated, and particularly 
if criticism of the extrapolation from in vitro systems is to be answered, 
changes in factors which are considered to regulate the enzyme should be 
observed in the intact tissue. Unfortunately, compartmentation within the 
cell means that a negative result does not necessarily disprove the theory. 
It is not possible to test the hypothesis directly because of the difficulties of 
measuring changes in the concentrations of proposed regulators at the site 
of the enzyme (see reference 14). 

The relationship between the properties of the enzyme, the proposal of a 
theory and examination of its predictions varies with each particular problem. 
If the initial theory does not appear satisfactory after such examination, it 
may be necessary to investigate in more detail the properties of the enzyme. 
Individual examples of the methods of applying stages (b), (c) and (d) of the 
approach to the study of metabolic control will be discussed in detail in the 
appropriate chapters. 


D. A CLASSIFICATION OF METABOLIC CONTROL SYSTEMS 


In living organisms the rates of metabolic processes may be varied in 
response to changing environmental conditions in at least two ways. There 
exists a rapid mechanism (operating within seconds or minutes) for the 
regulation of enzyme activity and this depends upon changes in the catalytic 
activity of individual enzyme molecules. There also exists a somewhat slower 
mechanism (operating within hours or days) that is dependent upon an 
increase in the number of enzyme molecules through modification of the rate 
of synthesis or degradation (see reference 15 for a review). The material in 
this book will be concerned primarily with changes in catalytic activity which 
are not dependent upon synthesis or degradation of the enzyme. There are 
several general mechanisms for modifying the activity of an enzyme and 
these mechanisms may be divided into various classes. The classification 
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presented here is by no means complete and it may be necessary to further 
subdivide the individual classes. However, the classification should prove 
useful for clarification of the term regulatory and for reference purposes when 
mechanisms of regulation are described in subsequent chapters. 


1. Four classes of metabolic control 


Four factors which cov!d be responsible for controlling fluxes through 
metabolic pathways are as follows: 


(a) Substrate availability. 
(b) Cofactor availability. 
(c) Product removal. 

(d) Feedback regulation. 


Such an arbitrary classification has no physiological significance; its value 
lies in the simplification of the complex problem of metabolic control. The 
general properties and advantages of each control mechanism will be 
mentioned only briefly at this point. Specific examples, for which there is 
favourable evidence, will be described in more detail in the subsequent 
chapters. 


(a) Substrate availability 


Any metabolic pathway could, in theory at least, be regulated very simply 
by the availability of substrate. A reduction in substrate concentration will 
decrease the activity ofan enzyme (provided it is not saturated with substrate) 
and this could result in a decreased flux through the pathway. Similarly an 
increase in substrate concentration could stimulate the pathway. In general, 
however, the constancy of the internal environment of both the animal and 
the cell, as regards the substrates of metabolic pathways (such as blood 
glucose and intracellular glycogen), implies that such regulatory mechanisms 
are not common in higher animals. There is, however, at least one important 
example of control by substrate availability which will be discussed in detail 
in Chapters 3 and 5: the concentration of plasma fatty acids appears to play 
a fundamentally important role in the regulation of their oxidation by various 
tissues, and in turn their oxidation can modify the rate of carbohydrate 
utilization by the animal. In such situations, if the substrate concentration 
can be shown to be regulatory, the investigational emphasis shifts from the 
metabolic pathway per se to the factors responsible for the changes in 
substrate concentration. The factors responsible for the regulation of the 
plasma level of fatty acids are discussed in Chapter 5. 

Itshould be emphasized that substrate availability must remain a potential 
regulatory mechanism for almost any pathway even if it is regulated by a 
feedback inhibition mechanism. Stimulation of a metabolic pathway may 
reduce the concentration of its substrate and minimize the extent of the 
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stimulation that can occur. However, the complex organization of metabolic 
regulation at both physiological and biochemical levels usually ensures that 
an increase in substrate supply is provided either simultaneously or immedi- 
ately prior to the increase in flux through a pathway, so that, despite a very 
high rate of substrate utilization, its concentration is not a limiting factor. 


(b) Cofactor availability 


A regulatory mechanism based upon availability of a cofactor is somewhat 
similar to control by substrate availability. However, substantial inhibition 
of enzyme activity (and therefore the rate of the metabolic pathway) could 
be achieved only if the concentration of the cofactor was reduced to very low 
levels. This may only be possible if the cofactor is specific for the particular 
pathway in question and is not required for other pathways. Such specificity 
is uncommon, although carnitine, which is a cofactor involved in fatty acid 
oxidation, may be а possible example. Fatty acids are activated by an enzyme, 
fatty acyl-CoA synthetase, to produce fatty acyl-CoA and this reaction occurs 


Fatty acyl- CoA 
Carnitine 


Cornitine acyltransferase 
CoA 


Fatty acyl-carnitine 
CYTOPLASM 


MITOCHONDRION 


Fatty acyl—carnitine 
CoA 
Carnitine acyltransferase Carnitine 


Fatty acyl-CoA 


B-oxidation system 


Acetyl-CoA 


Figure 1.4. The role of carnitine in fatty acid 

oxidation. The fatty acyl-CoA in the cyto- 

plasm may be derived from exogenous fatty 
acids or from endogenous triglyceride 
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outside the mitochondrion. The f-oxidation of fatty acids occurs inside the 
mitochondrion and therefore the fatty acyl-CoA has to traverse the mito- 
chondrial membranes. There is a substantial body of evidence which suggests 
that one of the mitochondrial membranes (probably the inner membrane) is 
impermeable to fatty acyl-CoA and, in order to overcome this barrier, fatty 
acyl-CoA must be converted into fatty acyl-carnitine by the enzyme carnitine 
acyltransferase. Fatty acyl-carnitine is able to traverse the membrane. The 
enzyme carnitine acyltransferase is also present inside the mitochondrion so 
that the fatty acyl-carnitine is converted back to fatty acyl-CoA and thus 
provides substrate for B-oxidation (Figure 1.4). Therefore, theoretically, it is 
possible that variations in the concentration of carnitine could regulate the 
rate of fatty acid oxidation without affecting other metabolic processes. 

Another possible example of control by cofactor availability is the regula- 
tion of electron transport and oxidative phosphorylation in the mitochondria. 
Inside the mitochondria the adenine nucleotides are required primarily for 
ATP synthesis by the electron-transport chain. This is an example of speci- 
ficity in cofactor requirement provided by intracellular compartmentation. 
The availability of cofactors may regulate the process of electron transport 
and this is discussed in some detail below. 

Cofactors can become limiting in vitamin-deficient diseases, but this is of 
course not a physiological control mechanism. Although vitamin-deficient 
diseases can be explained on the basis of lack of specific cofactors, the 
symptoms of the diseases cannot as yet be precisely explained on the basis 
of the known biochemical functions of these cofactors. 


(c) Product removal 

If a pathway substrate is converted to the pathway product by a series of 
reactions, which are all at equilibrium (or close to equilibrium), the removal 
of the proauct could control the rate of its formation from the substrate. 
However, most pathways of major physiological importance appear to be 
controlled at non-equilibrium reactions, so that product removal will be 
unimportant in control of the pathway. Minor pathways or perhaps specific 
portions of some metabolic pathways may be controlled by such a mechan- 
ism. For example, the conversion of pyruvate to lactate in muscle which is 
catalysed by lactate dehydrogenase, and the movement of lactate from the 
muscle to the blood (diffusion) are thought to be equilibrium processes: an 
increased flow of blood through the muscle will increase the rate of product 
removal which could therefore increase the rate of the conversion of pyruvate 
to lactate. (It is not expected that under normal physiological conditions the 
rate of conversion of pyruvate to lactate and its diffusion into the blood will 
limit the rate of glycolysis in muscle.) Another possible example is the 
utilization of acetoacetic acid by extrahepatic tissues (see Chapter 7, Section 
D.2). 
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(d) Feedback regulation 

Feedback regulation of enzyme activity is the most flexible and biologically 
widespread mechanism of metabolic control (for a general review see 
reference 16). Several types of control systems which may be included under 
this general heading are discussed from a theoretical standpoint in the next 
chapter and some biochemical examples are discussed in detail in Chapters 
3 to 7. Feedback control in metabolic systems operates solely through the 
regulation of the activity of enzymes that catalyse non-equilibrium reactions. 
In the hypothetical pathway 


El ES ЕЈ 
5 A Be Cu DP 

` 7 

jos Negative ~ 4 
it is assumed that the conversion of А to B is non-equilibrium so that the 
activity of enzyme E, limits the overall flux from S to P. Therefore if the 
catalytic activity of the enzyme E, is inhibited by P, this provides a feed- 
back inhibition mechanism for regulation of the flux through the path- 
way. 

The extension of this concept of feedback regulation to include feed- 
forward activation and, in its widest sense, to include any specific regulation 
of enzyme activity by factors other than the pathway substrate, leads to the 
conclusion that control of ‘non-equilibrium’ enzymes provides a very flexible 
means of control for the cell or organism. During the course of evolution the 
enzymes that catalyse non-equilibrium reactions can develop the specific 
regulatory properties that result in the most biologically efficient regula- 
tion. The chemistry of the reaction or the pathway provides no limitation 
on the mechanism of control: any compound may modify the activity of 
the regulatory enzyme and hence control the rate of flux through the path- 
way. 

The four classes of metabolic regulation described above may in fact all 
play some role in the regulation of a single metabolic pathway. This em- 
phasizes the semantic problem arising from the term ‘pathway’. For example, 
glycolysis, the TCA cycle and the electron-transport chain may all be 
considered either as one pathway or as three separate pathways. When 
considered as a single overall pathway, control must obviously occur at 
non-equilibrium reactions by a feedback mechanism. However, sections of 
this overall pathway, which can be considered as separate pathways, may be 
regulated by the availability of substrate and/or cofactor, or by the removal 
of product. For example, when a muscle fibre contracts, the rate of ATP 
utilization is increased and therefore the rate of metabolism must increase to 
provide more ATP. The rate of glycolysis is increased by a mechanism 
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dependent upon specific feedback regulation from the change in the con- 
centration of ATP (see Chapter 3). As a consequence of the increase in 
glycolysis, the rate of formation of acetyl-CoA which is the substrate for the 
TCA cycle is increased. The flux through the TCA cycle is also increased by 
specific feedback mechanisms dependent upon the changes in concentrations 
of ATP and ADP. The increased rate of the cycle provides more NADH as 
substrate for electron transport which is also increased by a specific regu- 
latory mechanism. In fact the latter is one of the best examples of equilibrium 
control in metabolism: for this reason it is discussed in some detail below. 


2. Control of electron transport at equilibrium reactions 


If an enzyme catalyses a reaction which is very close to equilibrium, a 
change in catalytic activity (caused by factors other than substrates and 
products) cannot regulate the flux through that reaction (unless the enzyme 
is so strongly inhibited that the reaction becomes non-equilibrium). However, 
the flux in any one direction can be limited by the concentration of substrate 
or cofactor, so that changes in these factors could modify the flux through 
this reaction and hence through the pathway as a whole. 

Consider a series of reactions which are close to equilibrium and which 
constitute a metabolic pathway in which A is converted to P, 


5 

N 

Азвесер 
N 
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The assumptions implicit in this model are as follows: 


(a) All the reactions between A and P are close to equilibrium and the 
rate of each reaction depends on the concentration of substrate (for 
example, B limits B > C, C limits C > P). 

(b) The product P is removed to P' by a non-equilibrium reaction at a rate 
which is proportional to the concentration of P. 

(c) The compound A is produced by a non-equilibrium reaction (S > A) 
which is controlled in such a way that the concentration of A remains 
constant. 


In this hypothetical pathway the compounds X and Y are cofactors for the 
reaction A æ B such that the total cofactor concentration (X + Y) remains 
constant. If the concentration of X is increased and that of Y correspondingly 
decreased, this should result in a decrease in the concentration of A and an 
increase in the concentration of B. (This is because the enzyme catalyses a 
near-equilibrium situation between the participants of the reaction such that 

= [B][Y]/[X][A].) However, the concentration of A is kept constant by 
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the reaction S — A, and therefore the rate of the forward reaction 
А + X > B + Y will be increased (owing to the increased concentration of 
X) so that the concentration of B will remain increased. This will increase the 
conversion of B to C, etc., and the rate of the whole pathway A to P will be 
increased. Obviously the overall pathway is non-equilibrium owing to 
reactions S — A and P ¬+ P'and these play an important role in the regulation 
of the overall flux. Nonetheless the reaction that has responded to the change 
in regulator concentrations (X and Y) is near-equilibrium. 

One example of this type of equilibrium-control may be provided by the 
mitochondrial electron transport/oxidative phosphorylation system. There 
is accumulating evidence that the reactions that occur between the level of 
the pyridine nucleotides and cytochrome-c are easily reversed and therefore, 
under some conditions at least, they must be close to equilibrium.” Thus, 
at the first phosphorylation site, ATP hydrolysis can be used to cause the 
reduction of NAD* by reduced flavoprotein, 


NADH + ЕР, s+ NAD* + ЕР 


Р + ADP АТР 


Any process that increases the rate of ATP utilization will increase the 
concentrations of ADP and P, and decrease that of ATP. These changes in 
adenine nucleotides and P;, through the near-equilibrium reaction at the 
first phosphorylation site, will tend to decrease the concentration of NADH 
and increase that of ЕР. The latter may stimuleie the flow of electrons 
towards the second phosphorylation site and thus lead to an increase in the 
flow of electrons from NADH to the cytochromes. The supply of NADH for 
the electron-transport chain is derived from the TCA cycle which is therefore 
analogous to the S > A reaction in the hypothetical scheme described above. 
The increase in the rate of ATP utilization may specifically stimulate the 
TCA cycle which isa non-equilibrium process. Asa result the rate of reduction 
of NAD* to NADH will increase at the same time as the rate of NADH 
oxidation has increased. Consequently, the ratio NAD* /NADH will remain 
constant despite the increase in flux through the pathway. 

Since reversibility of the second phosphorylation site has been demon- 
strated, it is probable that this reaction is close to equilibrium. Therefore 
changes in the concentration of ATP, ADP and P, may control the flux 
through this reaction also. Up to the present time reversibility of electron 
transport at the terminal phosphorylation site has not been demonstrated 
although it has been postulated to be a near-equilibrium reaction.!? If all 
three phosphorylation steps are close to equilibrium, this would provide a 
concerted mechanism of control along the electron-transport chain to ensure 
an effective increase in electron transport as the levels of ATP, ADP and P, 
are changed. Nevertheless the overall process of electron transfer (and 
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therefore oxidative phosphorylation) must be non-equilibrium in order to 
ensure an adequate flow of electrons and net ATP formation. Such non- 
equilibrium character may be provided by the supply of NADH (for example, 
from the TCA cycle) and also by the final non-equilibrium reaction in the 
chain: this may be either the terminal phosphorylation reaction or a final 
stage of electron transport (for example, the cytochrome oxidase reaction). 
In the latter case all three phosphorylation sites may be close to equilibrium. 
Whatever the identity of the final non-equilibrium reaction, it fulfils the 
requirements of reaction P — P' in the hypothetical pathway A > Р. 

There are other examples of equilibrium control which have been studied 
less intensively than the non-equilibrium control systems. In general, 
equilibrium control must play a subservient role to non-equilibrium control 
in that, once the specific feedback signal has informed the non-equilibrium 
reaction to increase, the remainder of the pathway will respond in accord 
through equilibrium control mechanisms. 

An advantage of equilibrium control is that reactions which are close to 
equilibrium can provide efficiency of energy transfer approaching 100%. In 
the case of respiratory chain phosphorylation this means that a large pro- 
portion of the energy released during the transfer of electrons along the 
respiratory chain may be conserved as chemical bond energy in ATP. 
Obviously the overall process of electron transport cannot approach 100 7; 
efficiency since it has to be non-equilibrium. However, the importance of the 
fact that all the phosphorylation sites may be close to equilibrium is probably 
related to the efficiency of energy transfer. Since there are three phosphoryla- 
tion sites in series in the electron-transport chain, non-equilibrium control 
at each site would cause considerable loss of energy. If these three phos- 
phorylation reactions are close to equilibrium, energy loss may only occur 
in the non-equilibrium reactions at the beginning and end of the electron- 
transport chain (possibly NADH generation and the cytochrome oxidase 
reaction). Thus, if the electron-transport chain as a whole is maintained far 
from equilibrium, via the initial and terminal reactions of the process, 
equilibrium control of the three phosphorylation sites may involve the loss 
of less energy than non-equilibrium control of these phosphorylation 
reactions. One could speculate that the requirement for equilibrium control 
of the major energy-producing reactions in the cell is one factor underlying 
the evolutionary development of respiratory chain phosphorylation as 
opposed to substrate-level phosphorylation. A large number of substrate- 
level phosphorylation reactions could provide the same amount of ATP as 
that obtained from respiratory chain phosphorylation but this would of 
course increase the complexity of intermediary metabolism. If the rate of 
catabolism is to be regulated precisely to fulfil the energy needs of the cell, 
these numerous substrate-level phosphorylation reactions would all require 
regulation by feedback inhibition. Such a large number of non-equilibrium 
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reactions would necessitate an excessive loss of energy in the form of heat. 
The efficiency of energy conservation provided by an oxidative process in 
which all phosphorylation reactions are close to equilibrium may have been 
one of the driving forces of natural selection that ensured the successful 
development of the electron-transport chain within the mitochondria. 

In summary, the advantages of equilibrium control are simplicity and 
efficiency in energy transfer. The disadvantage is the lack of flexibility: the 
substrates and products of the reaction are the only factors by which it can 
be regulated. Conversely, control at non-equilibrium reactions suffers the 
disadvantage of inefficiency in energy transfer, but has the great advantage 
of flexibility. 

An interesting point arises from this difference. Equilibrium control may 
bear no direct quantitative relationship to the actual rate of the pathway and 
for this reason it may be termed an ‘open-loop’ system of control by analogy 
to control in engineering systems.!? For example, the rate of flow of water 
through a tube could simply be controlled by a valve connected to a dial 
(Figure 1.5). The dial settings would be calibrated initially so that for a given 


Regulator dial 
ај Р Ореп 
loop 

Regulator dial 


— ( A —— > Closed 
s R loop 


Feedback control 
mechanism 


Figure 1.5. Diagrammatic representation of 
open and closed loops in feedback regulation. 
In the open-loop system the flux (S P) is 
regulated only by the position of the regulator 
dial. If the dial setting is incorrect the flux will 
be incorrect for a given situation. In the closed- 
loop system the setting of the regulator dial is 
determined by the actual rate of formation of P 
via the feedback control mechanism, X. Thus, 
X measures the flux through the pathway and 
conveys this information to the regulator dial 


dial setting a given flux of water should result. However, there is no ability to 
relate the dial settings to factors that might modify the flux of water (such as 
pressure of water or damage to the valve mechanism). On the other hand in 
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a ‘closed-loop’ system, feedback information from the flow of water at the 
end of the tube would control the operation of the valve (Figure 1.5). The 
closed-loop system is of course analogous to non-equilibrium control and in 
this case there is a precise, quantitative control over the rate of flow of water 
according to the demands of the system. 


APPENDIX TO CHAPTER 1 


APPENDIX 1.1. METHODS FOR DETERMINING 
EQUILIBRIUM CONSTANTS 


There are several ways of carrying out a practical determination of the 
apparent equilibrium constant (K’) for an enzyme-catalysed reaction. The 
simplest and most widely employed method is to mix the substrate(s) of the 
reaction with the appropriate purified enzyme and allow the reaction to 
reach equilibrium. If there are no side reactions which produce or remove 
either substrate(s) or product(s) (that is, the added enzyme is sufficiently pure), 
the closed system will, in time, reach equilibrium. At this point the ratio of the 
concentrations of products and reactants (K’) will always be the same (at 
this particular temperature) no matter what ratios of substrates or products 
were present initially (that is, the enzyme does not alter the position of equili- 
brium). After a suitable interval of time the reaction is inhibited by addition 
of a protein precipitant (such as perchloric acid) and the concentration of 
substrates and products measured so that K’ can be calculated. 

For example, the equilibrium constant of phosphoglucoisomerase (PGI) 
which catalyses the interconversion of glucose-6-phosphate and fructose-6- 
phosphate, is measured as follows. A preparation of the enzyme (PGI) is 
added to a solution of glucose-6-phosphate (G6P) and after two separate 
time intervals, hydrochloric acid is added to inactivate the enzyme. The 
concentrations of glucose-6-phosphate and fructose-6-phosphate (F6P) are 
measured. Equilibrium is attained if the concentrations are the same at the 
two time intervals. The experiment is repeated using various initial con- 
centrations of G6P and also in the reverse direction with various initial 
concentrations of F6P. Using this method, an average value of 0-36 for K' 
has been obtained.?° 

Recent advances in the techniques for the rapid and accurate measurement 
of concentrations of metabolites have made this type of experimental 
determination of K’ possible for a wide variety of biochemical reactions. 
However, for reactions which involve a large standard free energy change 
AG” (that is, where the reaction proceeds almost to completion in one direc- 
tion), K’ is extremely large. At equilibrium the concentrations of substrates 
will be exceedingly small and therefore difficult to measure. In such cases it 
may be possible to calculate K’ from either kinetic or thermochemical 
data. 
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The kinetic data necessary to calculate K’ for an enzyme-catalysed 
reaction (single substrate enzyme) is the maximum catalytic activity in both 
directions (Vax) and the K,, values of the enzyme for substrate and product. 
From this data К’ can be calculated using the Haldane relationship." For 
the reaction, А ғ B 


E obs Ue s 
SM IBI ARA 


It is also possible to calculate K' from the change in free energy involved 
in a reaction using the equation 


[Products] 


веза d 


At equilibrium, 
[Products] 


== = Қ, d AG-0 
[Reactants] an 


(i.e. at equilibrium there is no change in free energy). Therefore 
AG? = —RTIn K' 


For example, in the case of the phosphofructokinase (PFK) reaction, AG° 
was calculated from the combination of the standard free energy of hydrolysis 
of ATP and the (indirectly calculated) standard free energies of formation 
in aqueous solution of fructose-6-phosphate and fructose diphosphate (see 
reference 22). The AG? for the РЕК reaction is — 4:2 kcal/mol. 

Since AG? = —RTIn К’, 


— 4,200 = — 1-98 x 310 х 2-303 logio K’ 


К' = 940 at pH 7-0 and 37°C. 


Thus the apparent equilibrium constant for PFK at 37°C and pH 7-0 is 
approximately 10°. 

The determination of heat changes in experiments involving biological 
compounds is often difficult since vast quantities of these compounds are 
required in order to give a temperature change which can be accurately 
measured. The introduction of microcalorimetry (which allows the measure- 
ment of temperature changes of the order of 107° °C) will no doubt remedy 
this situation in the future. 

Using microcalorimetry it is possible to calculate the equilibrium constant 
directly from the heat evolved (Q,) when the equilibrium is approached by 
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addition of enzyme to the substrate and for the heat absorbed (— Q5) when 
the equilibrium is approached by the addition of enzyme to the product. In 
each case the ratio Q,/AH or —Q,/AH represents the proportion of the 
reactant converted to product as equilibrium is reached. Therefore, 


„__ОјАН 0, 
–ОЈАН 0, 


Thus the equilibrium constant can be found from just two heat measurements 
in dilute solution (for example, see reference 23). 


APPENDIX 1.2. MEASUREMENT OF MASS-ACTION RATIOS 


The practical measurement of a mass-action ratio demands an intact 
physiological tissue preparation. This could be whole cells (such as yeast 
cells or ascites tumour cells), a perfused preparation (such as muscle or liver), 
an incubated tissue slice preparation (such as kidney cortex or cerebral 
cortex), or the actual tissue in situ (such as the liver of an anaesthetized 
animal), The first step is to freeze the whole preparation as rapidly as possible 
so that the enzyme-catalysed reactions are all simultaneously stopped and 
the concentrations of all the metabolic intermediates remain the same as 
they were in the physiologically functional tissue. This is achieved by freeze- 
clamping the tissue ; that is, rapidly compressing it between large aluminium 
plates precooled to the temperature of liquid nitrogen (— 190 °С). This is 
necessary because the rate of freezing after dropping a piece of tissue into 
liquid nitrogen is surprisingly slow. A thermocouple placed 1 mm inside the 
ventricle of a guinea-pig heart showed that the tissue cooled from 37 to 0°C 
in 16 seconds,* As the tissue cools a bubble of nitrogen gas is produced and 
surrounds the tissue so that it is partially insulated from the liquid nitrogen. 
No such insulation occurs with the aluminium clamps when the tissue can 
be shown to cool from 37 to —80°C in less than 0-1 second. After freeze- 
clamping, the frozen tissue must be deproteinized rapidly at a low tempera- 
ture. This is accomplished by powdering the frozen tissue at temperatures 
well below freezing point (for example, — 70 °C) and thoroughly mixing the 
powder with a frozen protein precipitant such as perchloric acid. As the 
powder thaws, the enzymes are almost immediately inactivated and form a 
protein precipitate which can be removed by centrifugation. The supernatant 
is neutralized and analysed for the metabolites by specific enzymatic measure- 
ments, The advantage of enzymatic analysis is that it permits precise and 
specific measurements of individual metabolites in a complex biological 
mixture, without the necessity of tedious and laborious separations. 
Such an analysis allows the calculation of the tissue content in terms of 
umol of metabolite contained in each gram of tissue. An extrapolation of this 
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value to the actual concentration of the metabolite within the intracellular 
water is possible, provided that the total water content of the tissue is known 
(measured by weighing the tissue when fresh and when completely dry) and 
provided that the extracellular volume is measured (using some compound 
which is known not to penetrate into the cell—see Chapter 3, Appendix 3.5). 
This gives rise to an apparent intracellular concentration which assumes 
that the metabolite is evenly distributed throughout the whole of the intra- 
cellular water. 
Thus, for the PFK reaction 


F6P + ATP + FDP + ADP 


the mass-action ratio would be 


[FDP][ADP] 
[F6P] [ATP] 
as measured in the freeze-clamped tissue. The tissue contents of these meta- 


bolites in the isolated rat heart perfused with a 5 mM glucose solution are 
given in Table 1.1, from which a mass-action ratio of 0-029 is computed. 


Table 1.1. Measurement of the mass-action ratio of the PFK reaction in the isolated 


perfused heart? 
Tissue content Apparent concentration (mM) 
Metabolite (umol/g dry tissue) ^ (umol/ml intracellular Н,О) 
fructose-6-phosphate 0-154 0-087 
fructose diphosphate 0-042 0.022 
ATP 21:70 11:52 
ADP 2.49 1.32 


[FDP][ADP] _ 0022 х 132 


8 "i Yu E = 0029 
mass-action ratio [F6P][ATP] 0:087 x 11-52 


Since the apparent equilibrium constant for this reaction has been shown to 
be of the order of 10° (see above), it appears that this reaction is non- 
equilibrium in the cell. 

This reaction has been chosen because it demonstrates clearly the prin- 
ciples involved and because it is quite easy to draw a definite conclusion 
from the results. However, there are at least two main criticisms of this 
approach which in some cases can pose major problems in the interpretation 
of experimental data. First, it is possible that the measured content of the 
metabolite, which is used to calculate Г, bears no relation to the actual 
concentration of the metabolite within the immediate environment of the 
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enzyme in question. This may be due to physical compartmentation (mito- 
chondrial or cytoplasmic, for example) or chemical compartmentation (as in 
adsorption of the metabolite onto protein). If a considerable portion of the 
ATP of the cell was not available for РЕК (for example, if 99-9°% of the 
measured ATP was in the mitochondria whereas PFK was in the cytoplasm), 
T would closely approach K’ and PFK might catalyse an equilibrium re- 
action. It is very unlikely that a cell could specifically localize 99-9 % of the 
ATP without having any effect on the distribution of ADP. This would 
require a highly selective transport process and it would consume large 
amounts of energy. Secondly, the interpretation of the quantitative difference 
between Г and K' can be difficult. In any metabolic pathway in which there is 
a finite flux, the reactions cannot be at equilibrium. However, some reactions 
may be close to equilibrium (for example, 10 % removed) and some reactions 
may be far removed (for example, the PFK reaction). How large does the 
difference between Г and K’ have to be in order to define a reaction as non- 
equilibrium? There appears to be only an arbitrary division such that 
reactions which exhibit a difference of 20-fold or greater between Г and К’ 
are probably non-equilibrium (see reference 12). If the difference is smaller 
than this it is difficult to conclude that the reaction is non-equilibrium without 
other lines of evidence (such as maximum enzyme activities) to support this 
conclusion. 
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CHAPTER 2 


MOLECULAR MECHANISMS IN 
THE REGULATION OF 
ENZYME ACTIVITY 


A. INTRODUCTION TO ALLOSTERIC ENZYMES 


1. The discovery of feedback inhibition in bacteria 


The story of the development of the concept ofallosteric proteins in metabolic 
regulation probably begins with the work of Roberts and his colleagues which 
was published in 1955.! They were studying the growth of Escherichia coli 
ona medium containing '^C-glucose as the sole source of carbon in order to 
label all the cell constituents with !C. The addition of an amino acid to such 
à growth medium resulted in complete inhibition of incorporation of label 
into that particular amino acid. Such effects were observed with all amino 
acids synthesized by specific biosynthetic pathways (such as histidine, proline 
and tryptophan), but not with amino acids which could be produced by 
simple transamination reactions (such as aspartate and glutamate). Thus, a 
specific biosynthetic pathway was necessary in order to observe this inhib- 
itory effect and the theory was proposed that this represented end-product 
inhibition of the pathway. Following these early discoveries, many other path- 
ways in bacteria were found to be specifically inhibited by their end-products, 

In 1956 Umbarger reported that the enzyme, threonine deaminase, which 
catalyses an early reaction in the biosynthetic pathway leading to isoleucine 
(Figure 2.1), was inhibited by this compound in vitro.? In the same year 
Gerhart and Pardee reported that aspartate transcarbamylase (ATCase), 
which catalyses the first reaction of the pathway for the biosynthesis of 
pyrimidines, was inhibited in vitro by the end-product of its pathway, CMP, 
although later it was established that CTP (Figure 2.2) was an even more 
effective inhibitor.? These discoveries provided a biochemical explanation 
for the end-product inhibition observed in intact bacterial cells. The physio- 
logical significance of these inhibitions was emphasized by the fact that the 
end-product did not inhibit any other enzyme of the pathway, nor were the 
other intermediates of the pathway effective in causing inhibition of the 
enzyme in vitro. From 1956 onwards many other enzymes of biosynthetic 
pathways were investigated with a view to discovering end-product inhibitors. 
The wealth of information made available by these studies between 1956 and 
1963 provided the factual basis for the allosteric theory developed by Monod, 
Changeux and Jacob in 1963.4 У 
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The relative simplicity of these biosynthetic pathways in bacteria permitted 
regulatory enzymes to be detected from direct observation of the pathway 
without any experimental verification. There has been little work done on 
mass-action ratios or maximum enzyme activities for the individual reactions 
of these pathways in bacteria. 


2. Allosteric theory 1963: separate catalytic and regulator sites 

The allosteric theory proposed that an allosteric enzyme possesses at least 
two spatially distinct binding sites on the protein molecule: the active or 
catalytic site and the regulator or allosteric site. The metabolic regulator 
molecule binds at the allosteric site and produces a change in the conforma- 
tional structure of the enzyme, so that the geometrical relationship of the 
amino acid residues in the catalytic site is modified. Consequently the enzyme 
activity either increases (activation) or decreases (inhibition). The evidence 
in support of this theory is as follows. 


(a) The regulator does not bear any obvious structural relationship to the 
substrate and the enzyme exhibits extreme specificity with regard to the 
regulator molecule. Therefore the substrate and regulator molecules cannot 
be competing for the same site on the enzyme molecule. This structural 
dissimilarity gave rise to the term ‘allosteric’. 

(b) Treatment of the allosteric enzyme with agents or conditions that 
exert a mild denaturing effect can result in loss of sensitivity to the effects of 
the regulator molecule without changing the catalytic activity. This process 
of desensitization can be effected by mercurials (such as mercuric chloride), 
urea or by gentle heating. When this theory was first put forward desensitiza- 
tion provided the strongest evidence for the existence of separate sites for 
substrate and regulator molecules. At the time it seemed likely that de- 
sensitization changed the structure of the allosteric site so that it would no 
longer bind the regulator, whilst the catalytic site, which was to be found in 
a different part of the molecule, remained unaffected. More recently it has 
been found that in many cases desensitization causes dissociation of the 
native enzyme into its component subunits and this prevents interaction 
between the regulator and catalytic sites. 

(c) If the two sites (substrate and regulator) are spatially separate, the 
process of binding the regulator molecule must cause a conformational 
change in the protein so that the structure of the catalytic site is modified. 
This conformational change can be considered as information transfer 
between the regulator and catalytic sites. That such changes could occur in 
enzymes and produce precise modifications of catalytic activity was a some- 
what novel concept in 1963. However, the phenomenon of cooperativity 
supported this concept. Cooperativity isa characteristic property of allosteric 
enzymes : а plot of enzyme activity (ordinate) against substrate concentration 
(abscissa) is S-shaped or sigmoid rather than hyperbolic (see Figure 2.3). 
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Figure 2.3. Hyperbolic and sigmoid plots of enzyme activity 

against substrate concentration. A change in activity from 

V, to V, (ie. 10% to 90% of the maximal activity) requires a 

change in substrate from a to c for the hyperbolic plot and 
from b to d for the sigmoid plot 


One possible explanation for the occurrence of these sigmoid kinetics is that 
each molecule of enzyme possesses more than one catalytic site to which the 
substrate can be bound. The binding of substrate at one site could somehow 
affect the binding of subsequent molecules of substrate at the remaining 
sites; that is, there must be some form of information transfer between 
binding sites. Evidence that cooperativity is not a direct effect but is trans- 
mitted through the conformational structure of the protein was to be found 
in studies on haemoglobin. This protein exhibits cooperativity in the binding 
of oxygen : а plot of the amount of oxygen bound to haemoglobin against the 
partial pressure of oxygen (equivalent to substrate concentration for an 
enzyme) is sigmoid rather than hyperbolic. There are known to be four 
binding sites for oxygen on each molecule of haemoglobin, so that coopera- 
tivity can be explained if the binding of an oxygen molecule to one of the 
haem groups causes an increase in the affinity of the remaining haem groups 
for oxygen (see later for various molecular explanations). However, the three- 
dimensional structure of haemoglobin, which had been published by Perutz 
and coworkers in 1960, showed that the four haem groups were completely 
spatially separate in the molecule and that direct interaction between the 
haer groups was impossible. This provided a precedent for the involvement 
of protein conformation in relaying information between various sites on the 


protein molecule. 


38 REGULATION IN METABOLISM 


The importance of the 1963 paper was that it assembled convincing evidence 
for the separation of the two sites (catalytic and regulatory) on the enzyme 
molecule. Furthermore, such a separation offered an advantage for the pro- 
cess of natural selection: the two sites could develop quite independently of 
one another so as to provide the most efficient system for both catalytic 
activity and metabolic regulation. No restrictions need be placed on the 
regulatory mechanism by the nature of the catalytic process, and selection 
of regulators for the metabolic pathway could be based on advantages for 
the metabolism of the cell as a whole rather than on the individual reaction 
or pathway per se. In addition, any mutation which resulted in a change in 
the amino acid sequence of a region of the polypeptide chain, which was not 
involved in binding either substrate or regulator, might modify the degree 
of interaction between the two sites. Such a mutation could be important 
for improving the regulatory properties of the enzyme and consequently 
would be acted upon by natural selection. Therefore allosteric enzymes 
provide an extremely flexible system from an evolutionary point of view. 


B. DERIVATION OF EQUATIONS DESCRIBING THE PROCESS 
OF EQUILIBRIUM BINDING 


Following the publication of these ideas on allosteric enzymes in 1963, 
various model systems were proposed which attempted to explain the 
sigmoidal variation of enzyme activity with substrate concentration. These 
models may be classified into two groups. The first group consists of models 
that depend upon multiple binding sites on a single protein with some form 
of interaction between the sites. The binding of the substrate molecules and 
the various conformational changes of the enzyme that result are the basis 
of the cooperative effect. These changes are considered to occur so rapidly 
with respect to the actual catalysed reaction that the various conformational 
states are in equilibrium with each other. The second group consists of 
kinetic models in which the cooperativity arises from the actual kinetics of 
the enzyme-catalysed reaction. In this type of model conformational changes 
are considered to occur relatively slowly with respect to the overall catalysed 
reaction, so that various conformational states are not in equilibrium but 
reach steady-state concentrations. The cooperativity arises out of the actual 
kinetics of the reaction pathway and could occur in a monomeric as well asa 
polymeric protein. The experimental finding that some enzymes which 
exhibit cooperativity are oligomeric (that is, they consist of a number of 
identical subunits or protomers) has led to emphasis upon the multiple- 
binding-site models. The basic differences between these two types of models 
will be explained in detail later in this chapter. Before the various models are 

discussed, a brief description of the derivation of the basic equations for 
multiple-binding-site models is useful. 
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1. Equilibrium binding to monomeric proteins 

Before considering the mathematics of the binding of a ligand (small 
molecule) to allosteric enzymes (that is, multiple binding sites), it is instructive 
to consider the binding of a ligand, S, to a monomeric protein, Pr. 

At equilibrium the process can be represented as follows, 


Pr+S 2 PrS 
Let Y, be the fractional saturation of the protein with S (that is, the fraction 
of the total number of binding sites for S which are occupied by S) and 
(1 — Ӯ) be the fraction of unoccupied sites, 
Rate of association = k; .[S)(1 — Y) 
Rate of dissociation = К.у. Y, 
At equilibrium these two processes occur at equal rates so that, 
k-i- ¥, = ki[S](1 = Y) 
= k,{S) — k,[S]¥, 
Dividing through by Y, 
k,{S 
ic, = DL ays) 
Therefore 
Y ы k,[S) 
* ka + S) 
ДИ. 
(k- ,/k,) + [S] 
Since k_,/k, = Ка (the dissociation constant) 
[S] 
ЕЈ 
Ка + [S] 
_ Бука 21) 
1 + [S]/Ka 
In terms of the binding constant K, which is given by k,/k- or Ка 
KAS) 
-——— 2.2) 
Y 1 + K fS] e» 
Equations 2.1 and 2.2 are of the type that describe a rectangular hyperbola. 


Therefore a plot of fractional saturation of the protein (¥,) against substrate 


concentration [S] is hyperbolic (Figure 2.3). 
However, in the case of an enzyme which not only binds substrate but also 
catalyses a specific reaction, the plot of initial velocity against substrate 
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concentration will be hyperbolic only if the overall velocity depends upon 
the concentration of the enzyme-substrate complex, PrS: in this case the 
latter is dependent upon the equilibrium binding process. 


kı ka 
Pr + S г PrS > Pr + Product 
kaa 
If k, is complex (that is, a number of intermediate reactions occur) or if the 
enzyme catalyses a reaction involving more than one substrate, this simple 
relationship may not hold and hyperbolic curves may not be obtained (see 
Section E). 


2. Equilibrium binding to polymeric proteins 

In the case of a protein that has several binding sites for the same ligand 
on each molecule, the interaction between the ligand and the protein can be 
described by equation 2.1 provided that all the sites are identical and there is 
no interaction between them, that is, the binding of the first substrate molecule 
has no effect upon the affinity for the second substrate molecule, etc. In the 
case of a tetrameric protein with four substrate-binding sites, the following 
four equilibria are considered to exist: 


Reaction Apparent binding constant 
Pr, + S ә Pr,S Ка 
Pr4S + S 2 Pr,S, Ky 
Pr,S, + S 2 Рг,5, Ky3 
Pr,S; + S 2 Pr4S, Ки 


If there is no interaction between the binding sites, the microscopic (ог 
intrinsic) binding constant, Къ, is the same for each monomer and is statistic- 
ally related to the apparent binding constants, K,;, Ky, etc., by the number 
of empty binding sites available on the protein molecule.* d 

For a monomeric protein described by the reaction Pr + S Æ PrS the 
binding constant (K,) is as follows: Ў 


-' 


Ky,— 1— (2.3) 


* The difference between the microscopic and the apparent binding constants for binding 
sites on monomers within polymeric proteins is sometimes difficult to understand. If the constant 
could be measured on each monomer in the absence of the binding sites on the other monomers 
the microscopic binding constant would be obtained. However, in practice the binding constants 
for each site vary according to the number of available binding sites in each polymer, that is 
the microscopic and apparent binding constants are statistically related. For example in the 
reaction governed by Къ, there are four sites available for binding S but only one site from 
which bound S can dissociate. Therefore Къ, is 4-fold greater than K,. Similarly K,, = 3K,. 
Ка = 3K, and Кы = 1K,. 
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However, for the tetrameric protein, Pry, the reactions and the binding 
constants are as follows: 


` Reaction Binding constant 
k, 4k, 
Pr, + 5 2 Pr,S Ky = 7 AK, (2.4) 
$ f 
ky За 
Pr,S +S г Pr,S, Ky. = 2i. 23K. (2.5) 
ky ЩО 
Pr,S, + S 2 Pr,S3 Ка = 3 = 5Кь (2.6) 
ke ką 1 
Pr4S3 + SF Ргу5, Ка = xu qke (2.7) 


In a reaction between a polymeric protein and a ligand, all species of inter- 
mediates may be present (that is, Pr,, Pr4S, Pr,S;, Pr4S; and Pr,S,). 
Therefore the fractional saturation of the protein Pr, with S, which is defined 
as the total amount of S bound divided by the total number of sites available, 
is given by the following expression 
Y [Pr4S] + 2[Pr4S2] + 3[Pr4S3] + 4ГРг454] 
* ^ 4(Pr4] + [Pr4S] + [Pr4S2] + [PraS3] + [Pr4S4]) 
(In the numerator, for each molecule in the Pr4S; state, two sites are filled 
with substrate and therefore Pr,S, must be multiplied by 2, similarly for 
Pr,S, and Pr,S,. In the denominator, the total number of sites available is 
obtained from summing the total species of molecules that are present and 
multiplying by 4, since the protein is tetrameric.) However, the concentrations 
of all the intermediate species, Pr,S, Рг,5;, etc., may be expressed in terms 
of free Pr,, free S, and the four apparent binding constants Kyi, Ky2, etc. 
Apparent 
binding 
Reaction constant Concentration of intermediate species 
Pr, + S Pr,S Ка [Pr,S] = KyilPra][S] 


Pr,S + S гә Pr,S, Ky [Pr4S2] = Ky;[Pr4S][S] 
but substituting for [Pr4S] from above 
[Pr4S2] = KyiKy2[Pra] [SJ 
PrqSa + S ә Pr,S3 Ky3 [Pr4S3] = Ky3[Pr4S2] [8] 
= Ky Ky; Kys[Pra] [S 


Рг,5, + S 5 Раб, Кы [Рг5,]= KealPraS [5] 
= Ky Ky, Ky Ky [Pra] [5]* 
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It is now possible to substitute for these intermediate concentrations in the 
expression for fractional saturation which is given above. 
KyilPra][S] + 2KpıKp2[Pr4][S]? + 3Ky1Ky2Kp3[Pr4][S]? 
Y + AKy Ky Ky Ky [Prz])[S]* 
si 4{[Pra] + KyilPra][S] + КК [Рг„][$]° + Ky, Ky Ky [Pr4][ST? 
+ Ky Ky2Ky3KpalPra][S]*} 


The [Рг,] values now cancel out so that 
> Ка [S] + ХК Ky [SP  3K, Ky Ky [SP + 4Ky Ky Ky Ky; [S] 


° 4{1 + Koı[S] + Kyi Ko [8] + Ky Ky Kys[SP + Ky Ky Ky Ky [S]] 
(28) 


If all four binding sites are identical and there is no interaction between 
them, K,,, К, K,3 and К, may all be expressed in terms of the micro- 
scopic binding constant К, (equations 2.4 to 2.7). (For example, Ky, = 4K, 
and Ky, = 3K, so that 2K,,K,,[S]? is the same as 2 x 4K, x 3K,[S]? 
which equals 12K$[S]".) The equation for fractional saturation now simplifies 
to 


_ _4K,[S] + 12K2[S + 12K[SP + 4Ké[s]* 
° 4{1 + 4K,[S] + 6K2[S}? + 4K3[S]}> + К{[5]°} 
КЫ$](1 + 3K,[S] + 3K?[S? + Ki[S]) 
1 + 4K,[S] + 6K?[ST? + 4Ki[S + К{[5]* 
_ KMS) + КЫ)? 


“(I+ KS) (“8:01 + КЫЗ) = 1 + 3KJS] + 3KQSI 
+ Къ5]?) 


_ KMS] 
1-4 KS] (2.9) 


Therefore, with the provision that binding sites are identical and there are 
no interactions, equation 2.9 is obtained which is exactly the same as that 


derived for a monomeric protein (equation 2.2) and it describes a hyperbolic 
curve. 


C. EARLY MATHEMATICAL MODELS TO EXPLAIN SIGMOID 
BINDING OF OXYGEN TO HAEMOGLOBIN 


One of the first oligomeric proteins whose binding characteristics were 
examined in detail was haemoglobin. As early as 1904 it was shown that the 
fractional saturation of haemoglobin with oxygen when plotted against the 
partial pressure of oxygen gas (equivalent to the concentration) was not 
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hyperbolic but was strongly sigmoidal.? That such a departure from nor- 
mality might result from a multiplicity of binding sites (i.e. that one haemo- 
globin molecule was capable of binding more than one oxygen molecule) 
was discussed by Barcroft and Hill in 1909. At this time it was known that 
each haem group bound only one oxygen molecule but it was not known 
how many haem groups each haemoglobin molecule possessed. 


1. The model of Hill, 1909 


This model proposed very simply that if there were n binding sites for 
oxygen per haemoglobin molecule, the reaction between haemoglobin and 
oxygen could be described by the following equation. 


НЬ`+ nO, г Hb(O;), 


for which the equilibrium constant (or binding constant), K,, was given by 


[Hb(0;),] 
Kite СА (2.10) 
* [Hb]p03 
where pO, is the partial pressure of oxygen, or 
[Hb(O,),] = КРО НЫ] (2.11) 


In equation 2.10 (which is based on the reaction Hb + nO; г Hb(O,),) the 
assumption was made that only two species of haemoglobin exist, Hb and 
Hb(O,),: the possibility of stable intermediates (such as Hb(O;),-, or 
Hb(O,), .,) was not considered. The fractional saturation, Y,, was derived 
in terms of the binding constant K, and the partial pressure of O2, 


[Hb(O),] iti 
Y = LL 2 — by definition 
° [Hb] + [Hb(O2),] 
Substituting for [Hb(O,),] from equation 2.11, 
K,pO3[Hb] 
[Hb] + K,pO5[Hb] 
_ _KypO? _ (2.12) 
1 + К,рог 


If n = 1 (that is, there is only one O binding site per protein molecule), this 
equation reduces to - 


у = 


€ __КарО; _ (2.13)* 
° 1+ Кро; 
* The oxygen-binding protein which occurs in muscle tissue is called myoglobin and this is 


a monomeric protein which contains one haem group per molecule. The binding of oxygen to 
this protein is described by a hyperbolic curve which is explained by equation 2.13. 
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Equation 2.13 is identical to equation 2.2 and describes a hyperbolic curve. 
From equation 2.11 it can be seen that 


[Hb(O;),] 
не = KO} 
[Hb] ър%2 
Taking logarithms of both sides of this equation, 
[Hb(O;),] 


log = log K, + nlog pO, 


[Hb] 


or in a more general form for the fractional saturation Y, of a protein with 
substrate S 


log | EM = log К + nlog[S] (2.14) 


У 
Equation 2.14 is known as the Hill equation and a plot of oe | 1 = z) 


against log [S] is referred to as a Hill plot. Г 
In the case of ап enzyme-catalysed reaction in which the velocity of the 
reaction is determined by the concentration of enzyme-substrate complex, 


a fractional saturation of unity is equivalent to the maximum velocity (V,,,.) 


and thus a Hill plot consists ofa plot of log | | against log [S], where 


max — Û 
v is the initial velocity at a given substrate concentration. 

In developing equation 2.12 Hill made the assumption that only two species 
of haemoglobin exist (Hb and Hb(O,),). This assumption predicts that a plot 
[Hb(O;),] 

[Hb] 

n is equal to the total number of binding sites for О, on haemoglobin (from 
equation 2.14). However, the experimentally determined value of n for 
haemoglobin is 2:8 whereas it is now known that the haemoglobin molecule 
possesses 4 sites for binding oxygen (4 haem groups). Therefore the mathe- 
matical model proposed by Hill to explain the sigmoidicity of the reaction 
between oxygen and haemoglobin is invalid. Consequently, Hill plots for 


of log | | against log pO; should be linear with a slope of n, where 


enzymes (that is, plots of log | = 

У — V 
do not necessarily have а slope which is equal to the number of substrate 
binding sites. Instead the slope gives some indication of the degree of inter- 
action bétween the subunits; see Section D.3. 


| against log [S]), even if they are linear, 


2. The model of Adair, 1925 


The obvious improvement on the Hill model was to include all the possible 
intermediates of the reaction between haemoglobin and oxygen. In 1925 
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Adair” put forward the intermediate-compound hypothesis which took into 
account the possible existence of Hb(O;), Hb(O5);, Hb(O,);, etc. Adair 
considered that the binding of O, to Hb occurred in a stepwise fashion as 
follows. 


Reaction Apparent binding constant 
Hb + О, ге HbO; Ке 
HbO, + О, г НЫО,), Koz 
Hb(O5); + О, г НЫО,); Къз 
Hb(O5); + О, 2 Hb(O2),4 Кы 


This is analogous to the binding of S to Pr, and the equation for fractional 

saturation of Hb with O, can be expressed in terms of the free concentrations 
of Hb and рО, , as developed above (Section B.2). 

y — KurO; + 2Ky, Ky pO$ + 3Ky Ky; KyspO3 + AKy Ky; Ks Ky, pO? 

* 41 + Каро; + Ка Корог + Ky Ky Казрог Я 

Ky Ky КьзКьрОз) 

(2.15) 


This equation was developed by Adair in 1925. According to this equation, 
if Ky, < (8/3)Kyos Къ < (9/4)Ku3> Къз < (8/3)Кља, sigmoidal curves of МА 
against pO, are obtained. (As described in Section B.2, if the microscopic 
binding constant is the same for each monomer, the apparent binding 
constants, Ку, Ky, etc. are simply related to the microscopic binding 
constant, K,, by the number of empty sites available (Ky; = 4K,, К = 
(3/2)K,, Ky, = (2/3)Ky, Ky, = (1/4)K,), and the equation simplifies to that 
of a hyperbolic curve. 


D. EQUILIBRIUM BINDING MODELS TO EXPLAIN SIGMOID 
BEHAVIOUR 


The models of Hill and Adair were basically equations describing the 
binding of a ligand to a polymeric protein and the Adair equation showed 
that a difference in the binding constants for the various intermediate 
reactions between haemoglobin and oxygen could explain sigmoidicity. The 
problem of explaining sigmoidicity of binding was now transferred to a 
molecular understanding of why the microscopic binding constants should 
be different. The publication of the three-dimensional structure of haemo- 
globin in 1960? showed that the haem groups were completely separate in 
the haemoglobin molecule and therefore precluded any explanation based 
upon direct interactions. Furthermore, the three-dimensional model showed 
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that the environments of the haem groups in the individual subunits were 
very similar, so that differences in the binding constants for oxygen would 
be produced only upon the binding of an oxygen molecule. 

The molecular interpretation of sigmoid behaviour received a stimulus 
in 1963 when Monod et al.* noted that many regulatory enzymes exhibited 
sigmoidicity in their initial rate plots (initial velocity against substrate 
concentration). The field of interest had now moved from haemoglobin to 
the regulatory enzymes, although any model system must include haemo- 
globin, The importance of discussing haemoglobin is that it provides a 
historical account of sigmoidicity and a factual basis with which to view the 
molecular models of sigmoidicity. 

In 1965, Monod, Wyman and Changeux'? published their classic paper 
in which they proposed a molecular model to explain cooperative behaviour 
in allosteric proteins. An alternative model was proposed by Koshland and 
coworkers! somewhat later, in 1966, but since the Koshland model is a 
development of the Adair intermediate-compound hypothesis, discussion of 
this model follows logically, if not chronologically, at this point. The Monod- 
Wyman-Changeux model is discussed later (Section D.2). 


1. The Koshland model 


The intermediate-compound hypothesis of Adair has been extended by 
Koshland and coworkers to explain the cooperative effect exhibited by 
allosteric enzymes.!! The theory was developed from the original ‘induced 
fit’ theory proposed by Koshland in 1958 in order to explain enzyme specifi- 
city. It was suggested that the binding of substrate to an enzyme induces a 
localized structural change in the active site and this creates the correct 
three-dimensional arrangement of the amino acid residues in the active 
centre for catalysis." Thus, the structure of the substrate was important not 
only for binding but also for creating the ‘catalytic conformation’ of the 
enzyme. Such a theory could be extended to polymeric enzymes with the 
additional proposal that a conformational change induced by substrate 
binding in one subunit could modify the conformation of another subunit, 
which had not bound the substrate. This implies that binding of a substrate 
molecule by one subunit produces a conformational change that is trans- 
ferred to another subunit so that the latter is able to bind substrate more 
easily. The binding of the second substrate molecule stabilizes this conforma- 
tion in the second subunit and this will influence the conformation of a third 
subunit. The binding of substrate should therefore become progressively 
easier. In the case of a tetrameric protein this sequential process can be 
described diagrammatically as follows Я 


© О „ОВ Г 


Ка 5 
UII ce 


S| |S кь, | 
OO OO Queda ISO." [Б] 
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о 
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If the circle is termed the A conformation and the square the B conformation, 
the situation may be described by А, = ABS 2 А,В,5, г A,B,S, 2 B,S,. 
The four equilibria are governed by constants K,,, K,2, Къз and Ка. 
A saturation function (¥) can be derived which is exactly analogous to that 
of Adair and which has the form: 


ya Kyi[S] + 2KsıKo2[S]? + 3KyiKy2KyslSP + 4K yi Ky Ku Ku[S]* 
° 40. + Kyu(S] + Ky Ky [SI + Ky Ky Ky [SP + Ky Ky) Ks Kos [S])) 


The equations show that if there is no interaction between the binding 
sites, the apparent binding constants are statistically related to each other 
(Ка = (8/3)K,2, etc) and a curve of Y, against [S] is hyperbolic. If 
Ка < (8/3)K „2, etc., sigmoid curves result. The model of Koshland attempts 
to explain why these constants should have different values. 

Each equilibrium constant can be considered to have three components: 

(a) An equilibrium constant K,, for the conformation change A г B, 


(B) 


К. = t] 


(b) A binding constant К, for the process В + S 2 BS 


_ 185] 
* ^ BIS) 


(c) An interaction constant which depends upon the degree of stability 
that one subunit confers upon the resultant complex. 


K 


Reaction Interaction constant 


[AB] 
A+BSAB Kas = AJIB] 


Also A+ASAA Kan = ETAT 


B 
B + B 4 BB Кы = 8 


For example, the ratio К вв/К aa compares the stabilities of the two complexes, 
AA and BB. In the Koshland model Кдд is assigned as unity so that if Kag > 1, 
the interaction between A and В is more favourable than between A and A. 
In this case interaction will stabilize the complex AB and will therefore 
increase the binding of the substrate. If Kap < 1, the interaction between A 
and B will decrease the stability of AB and decrease the binding of S. 
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The involvement of these three constants can best be explained by reference 
to a reaction involving a dimeric protein 


сос O 


AA ABS a 


The equilibrium constant for this reaction is the product of K, and K,, 
multiplied by the change in the subunit interaction Kyg/ Kaa 


_ ОКК Ка 


K 
Kaa 


The statistical factor 2 must be included as there are two forms of inter- 
mediate complex (A.BS and BS.A) and only one form of AA. 
Similarly, for the binding of a second molecule of substrate 


о, „55 


ABS © BBS, 


_ KK Kop 
MK s 


As Клл = 1 (convention of Koshland), the binding of the second molecule 
of S will occur more readily than the first if 2K ap/Kaa < ТК ру/К дь (positive 
cooperative effect): if Kas/Kaa > Kgg/K,g then binding of the second 
molecule of S will occur less readily than the first (negative cooperative 
effect—see Section D.3(b)). 

However, the interaction constant (such as K AB) is even more complicated 
in a polymeric molecule. In the case of a tetramer the interactions can be 
described as tetrahedral, Square or linear. These terms only classify the 
subunit interactions and do not correspond necessarily to the spatial 
structure of the protein. In the tetrahedral model each subunit interacts with 
the other three (see Figure 244a). In the square model, each subunit interacts 
with two of its neighbours (diagonal interactions are assumed to be negligible). 
In the linear model the two external subunits interact with one neighbour 
each, while the two internal subunits interact with two neighbours each 
(Figure 2.42). For each model it is possible to derive expressions for the 
fractional saturation of protein with substrate in terms of the various 
Koshland constants in exactly the same way as Adair derived the expression 
for Y, for haemoglobin in 1925 (see Section B.2). 


K 


(a) Saturation function for the tetrahedral model 


This is derived in an analogous way to that of Adair, only the process is 
somewhat more complicated. 
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Figure 2.4. (a) The four types of interaction models described by Koshland. Conforma- 

tion A is denoted by circles and conformation B by squares. ! (b) Schematic illustration 

of possible molecular species for a general model involving four subunits, exclusive 

binding, and two possible conformations per subunit. Species with identical number 

of subunits in B conformation, vertical columns. Species with identical numbers of 
ligand molecules bound, horizontal rows? 
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Reactions of the Koshland tetrahedral model are as follows. 


Reactions ‘Adair constants’ 
А АА АгАА A BS Ky 
A A A BS 2 A A BS BS Ky 
А A BS BS г A BS BS BS Ky 
A BS BS BS 2 BS BS BS BS Кеа 


The ‘Adair constants’ can be translated into the ‘Koshland constants’ as 
follows 


Ка is AK35K,K, (molecular species is ABS) 
Ky Ку; is 6KipKga(KsK,)* (molecular species is А,В,5,) 
Ky, Ky2 Къз is 4KãsKğg(KsK J3 (molecular species is ABS.) 
Ky, Ky; Ky5 Ky, is K8n(KsK,)* (molecular species is B,S,) 


The derivation of the ‘Koshland constants’ should be clear when it is 
realized that there are 4 equivalent ways to bind one molecule of S, 6 equiva- 
lent ways to bind two molecules of S, 4 equivalent ways to bind three mole- 
cules of S and only one way to bind four molecules of S. Also the number of 
interacting subunits is 3 А-В and З А-А for the ABS species and therefore 
the constants Ky, and Калв are raised to the third power (as Ka, is unity 
this is omitted from the expression); for the A,B,S, species the number of 
interacting subunits will be one B-B, 4 А-В and опе А-А; for the ABS» 
species the number of interacting subunits will be 3 B-B, and 3 A-B; and 
finally for the B,S, species the number of interacting subunits will be 6 B-B. 
Thus, by substituting the ‘Koshland constants’ in the original Adair equation 
the following expression is obtained. 


Kia(K,K[S]) + 3KfpKpa(K,K,[S]) + 3K3pKgs(K,K [S]? 
+ Kgs(K.K,[S])* 
1 + AKA(KK[S]) + Gi Kg (K,K,[S]? + 4КДьК (К.К [S]? 
+ Как К [S^ 
(2.16) 


Similarly Y, can be derived for the square and linear models and these are 
simpler than the tetrahedral model. 


Ү = 


(Б) А general sequential model 


The sequential model of Koshland was introduced by reference to the 
‘induced fit’ idea of enzyme specificity. In this case the binding of substrate 
actually initiates a conformational change which can affect the binding of 
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substrate molecule by other subunits. This is not a necessary prerequisite of 
the sequential model. A variation on this model assumes that two or more 
conformations of each subunit can exist even in the absence of substrate. 
This situation is described diagrammatically in Figure 2.4b. 

The extreme case, in which the hybrid intermediates A,B,, A;B;, etc., 
are unstable, has been termed the ‘concerted model’ by Koshland’? since 
it is considered that in this case there is simultaneous (concerted) transition 
of all four subunits from the A conformation to the B conformation. (It will 
be seen that this version of the sequential model is similar to the model of 
Monod, Wyman and Changeux.) 

In this concerted model in which all subunit interactions change con- 
comitantly with conformational changes, the equilibrium constant for the 
conformational change, Кү, and the various interaction constants, Кдд, 
К ль, etc. are all incorporated into a single constant, Кү. The fractional 
saturation is given by 

y= [B,S,] + 2[B4S2] + 3[B4S3] + 4[В,5,] 
°` ДАЈ + [B4] + [B,S,] + [845] + [8453] + [B4S4]} 


The concentrations of the intermediate compounds, [B,S;], [B4S;], etc. can 
all be expressed in terms of the substrate concentration [S], the concentration 
of free enzyme [A4], the microscopic binding constant K, and the equilibrium 
constant К. The statistical factors for the number of types of each species 
and the number of interacting subunits must also be taken into account (as 
for the tetrahedral model described in Section D.1(a)). 


[B4] = Ke [A4] 
(B,S,] = 4K,S)[B4] = 4К[5]1К [As] 
[B,S2] = 6K2[ST[B4] = 6К2[5]7°К [А„] 
[В,5,] = 4K2(S} [Ba] = 4К2[5]°К [А] 
[B,S,] = K*[SI*[B4] = КУКА 
Substituting these expressions into the equation for fractional saturation, 


4K [S]K*[Aq] + 12K2[S?KS[Aq] + 12К2[5]5К[А,„] 
ПИКА, [SKA аьа 


А + К АЛ + AK TSIKSIAs] + KASP KIA] 
+ 4КЗ[5]>КА[А,] + КА[5]*КА[А]) 


уг 4K [S]KŻ[A ЈИ + 3К[8] + 3К2[5]° + К?[5]) 
AKSTA T (Ks + (1 + 4К]8] + 6KEST. + 4К2[5]° + КВО) 
m K[S](. + 3KJS] + 3K2IS + К?[$]°) 
КЕ + (1 + 4К [5] + 6КД5] + 4К2[5]° + KTIST)) 
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Since 
(1 + 3K,[S] + 3K2[S]}? + K3[S]*) = (1 + K [S]? 
and 
(1 + 4Kj[S] + 6K?[S + AK?[SP + K?[S]*) = (1 + KqS])* 


> _ _X,{S](1 + KIS)? (2.17) 
° Kat + (1 + KAS“ E 


Equation 2.17 is identical to equation 2.19 which describes the Monod, 
Wyman and Changeux model. 

If all the interaction constants, Kaa, Kap, Кү, etc., are set to unity (that is, 
if there is no subunit interaction), the equations for fractional saturation all 
simplify to equations which describe a hyperbolic curve. 

The usefulness of these models is that values can be assumed for the 
various constants (Kaa, Кав, K,, etc.) and substituted into the equations for 
Y, (or N,, which is defined by Koshland as the average number of molecules 
of substrate bound per protein molecule: for a tetramer, N, = 4Y,). Theoreti- 
cal curves can be constructed from these equations and compared to experi- 
mental curves. The goodness of fit of the experimental curves with the 
theoretical curves will provide an indication of the best model (square, 
concerted, etc.) for the enzyme in question. 

It is difficult to prove experimentally that any particular enzyme conforms 
to а specific type of sequential model. The kinetic data on the behaviour of an 
enzyme may support one of these types of models but it cannot yet be proved 
conclusively that the enzyme conforms to such a model rather than to some 
other model which may not even have been proposed, 


2. The model of Monod, Wyman and Changeux 


A somewhat simpler system than that described by Koshland was pro- 
posed in 1965 by Monod, Wyman and Changeux.'® This model (MWC 
model) can be considered as an extreme case of the general Koshland model 
shown in Figure 2.4b, in which only the completely symmetrical states are 
considered to be stable. The theory set out to explain not only the sigmoid 
behaviour of these enzymes but also the effects of allosteric inhibitors and 
activators. This is explained by referring to ATCase as an example of an 
allosteric enzyme: a plot of initial velocity against substrate concentration 
is sigmoid and the effect of the inhibitor (CTP) is to increase the sigmoidicity 
of this plot, whereas the effect of the activator (ATP) is to decrease the 
sigmoidicity (Figure 2.5). Thus, the effects of the inhibitor and activator 
appear to be achieved through the cooperative phenomenon, so that if the 
molecular basis of cooperativity could be understood, the mechanisms of 
inhibition and activation could be readily explained. 
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Figure 2.5, The effects of CTP (inhibitor) and ATP (activator) on 
the plot of the activity of aspartate transcarbamylase against 
the concentration of aspartate? 


(a) Description of the model 
The symmetrical model can be described by the following statements. 


(a) Allosteric proteins are oligomers (that is, they are comprised of a 
number of separate protein subunits) whose protomers (individual subunits 
which in combination with one another constitute the oligomer) are 
associated in such a way that they all occupy equivalent positions in the 
native protein. Therefore the protein possesses at least one axis of symmetry. 

(b) Each protomer possesses one stereospecific site for each ligand. The 
binding sites within the molecule for any particular ligand are all equivalent 
to one another. 

(c) The conformation of each protomer is constrained by its association 
with the other protomers. In other words, the ability of the protomer to bind 
the substrate is reduced by the association of the protomers in the oligomeric 
protein. 

(d) At least two conformations of the oligomeric protein exist in the 
absence of substrate and these conformational states are in equilibrium with 
each other. These states differ in their inter-protomer bonding and therefore 
in the constraint imposed on the conformation of the protomers and their 
ability to bind the substrate. 

(е) It follows from (d) that the transition from one form to the other 
results in a change in the affinity for a ligand. 
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(f) Molecular symmetry of the oligomeric protein is conserved during 
this transition. 
The two conformational states are called the R (relaxed) and T (tensed) 
states and each consists of a number of identical protomers. Consider the 
case of an oligomer consisting of four identical protomers: the model 
proposes the following situation to apply: 


R,2T, 
R,+S2R,8, T,4-S2T,S, 
R,S, + S2R,S, TS, + S 21,5, 
R,S, +S2R,S; T,S; + S 21,5, 


R,S, + Se R,S, T4S; + S2 T,S, 


The two essential differences between this symmetrical model and the simple 
sequential model (Figure 2.4) are as follows. First, in the MWC model, only. 
the symmetrical forms of the proteins are stable, so that the protein is always 
either in the R4 or T, state. The intermediates R,T, К,Т, and RT, are 
asymmetrical and therefore unstable. Thus, in the absence of substrate, an 
equilibrium exists between the state R, and Т, and this is governed by an 
equilibrium constant L termed the allosteric constant. Second, the micro- 
scopic dissociation constant Ку for the dissociation of the substrate-enzyme 
complex is the same for all the binding sites irrespective of whether S is 
bound at other sites on the protein. The apparent dissociation constants 
Кау, Kaz, etc, for the four reactions R + S æ RS,, RS, + 5 ә RS,, etc, 
are all statistically related to К, (see Appendix 2.1). Similarly the apparent 
dissociation constants for the reactions T + S 2 TS 15 T$, + 52 TS,, сіс, 
are all statistically related to the microscopic dissociation constant Ку. In 
the simple sequential model of Koshland, sigmoid curves result because, for 
example, Ky, is larger than (1/16)K,, but in the MWC model Ky, is equal 
to 16K, (Ka; and K,, are dissociation constants). 


(b) Mathematical explanation for sigmoidicity 


The fractional saturation of the protein with the substrate can be expressed 
in terms of the substrate concentration, the dissociation constants Кү and 
Ку, and the allosteric constant L. The equation describing the fractional 
saturation for a tetrameric molecule is as follows: 

S S)? S 3 
[5] TES II + LBI 1+ Gl 
M E Ка Ка Kr Kr (2 18( 
3. [| et Fa y a . 
| + al IE 


1 RT 
К; m pos 
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The algebraic details for the derivation of this equation are given in Appendix 
2л. 

If it is assumed that the substrate binds only to the К state of the protein 
(exclusive binding to one state), K is infinitely large and the functions con- 
taining Ky on the right-hand side of the equation approach zero. The 
equation for fractional saturation simplifies to 


=A КЫ (2.19) 
L+ +0) 


This equation is identical to equation 2.17 which was derived from the 
Koshland concerted model. The constant Кү.“ in equation 2.17 is equivalent 
to the allosteric constant L. Since K, in the Koshland model is a binding 
constant whereas Ky in the MWC model is a dissociation constant, 


The MWC model is obviously not restricted to tetrameric proteins but 
where there are n substrate binding sites the variation of fractional saturation 
with substrate concentration is given by 


Sf, t" 


ү, — Ke ~ : (2.20) 
L+ | zn Ка 


Theoretical curves have been constructed by Monod et ај; the effect of 
variation in allosteric constant L upon the relationship between fractional 
saturation and substrate concentration is shown in Figure 2.6 for the situation 
in which there is exclusive binding of the substrate to the R state (that is, 


Figure 2.6. Theoretical curves of 
the fractional saturation (У) against 
о, where а = [S]/K к. The allosteric 
constant L is varied as shown, n is 4 
and К/К is zero. The equation 


[S] tS)? 
EE 


xl 


[5]\* 


(ie. equation 2.19) is used to 
calculate the fractional saturation’? 
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K,/Ky = 0). Thus the model predicts the existence of the substrate coopera- 
tive effect which is the more pronounced the greater is the value of the 
allosteric constant L (that is, the greater the proportion of the enzyme in the 
T state in the absence of substrate). As L approaches zero (that is, the pro- 
portion of enzyme in the R state approaches 100%) the curve approaches 
the hyperbolic. This can readily be seen by putting L = 0 in equation 2.20 
when 


“ee 
Ky 


(2.21) 


Equation 2.21 is exactly the same as equation 2.1 (Section B.1) and describes 
a rectangular hyperbola (see Appendix 2.1). 

Similarly if the substrate binds with equal affinity to both states (Кр = Kr), 
the model once more reverts to a hyperbolic system (see Appendix 2.1) as 
is also the case when the protein is a monomer with only one substrate 
binding site (that is, n = 1), 


(c) Qualitative description of the model 

In purely descriptive terms the differences between a hyperbolic and a 
sigmoid curve are two-fold: the initial binding of substrate to the enzyme is 
small in comparison to the hyperbolic curve, and the rate of binding increases 
at higher substrate concentrations so that the curve has a point of inflexion. 
The first point is easily explained by the symmetrical model. In the absence 
of substrate the equilibrium R/T is in favour of T, so that at low substrate 
concentrations there will be only a very small amount of R to bind the sub- 
strate (if L is 10? only 0-197 of the enzyme is in the R form in the absence of 
substrate). The concentration of R limits the formation of RS 1, etc. However, 
once the substrate reaches a concentration at which it can have a significant 
effect on the formation of RS}, RS,, etc., there will be an effect of substrate 
on all the reactions with the result that R will be converted into RS,, RS, 
RS;, and RS,. The effect of this will be to remove R from the equilibrium 
R 2 T so that some T will be converted into R, which will be able to react 
with more substrate. Thus to some extent the R e T equilibrium can be 
considered as a buffer system for maintaining the concentration of R fairly 
constant despite its conversion to RS,, RS,, etc. 
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The effects of activators and inhibitors can be explained very simply by 
this model (for mathematical theory see Appendix 2.3). Thus, the inhibitor 
is considered to bind preferentially (or even exclusively in the extreme case) 
to the T state and therefore to stabilize this state. This will have the effect of 
increasing the allosteric constant L and therefore the sigmoidicity of the 
curve will be increased. Similarly, if the activator binds preferentially (or 
exclusively) to the R state this will have the effect of reducing the allosteric 
constant and the curve will become less sigmoid. 

The symmetrical model explains in a simple, elegant and aesthetically 
pleasing way how the kinetics of allosteric enzymes could arise. Aesthetics 
should not prejudice the scientific investigator and it is therefore not sur- 
prising that many experiments have been performed in order to discover 
whether or not symmetry does tend to be conserved in allosteric enzymes 
generally, whether this model applies to some enzymes and not others, or 
whether the more general sequential model of Koshland is a more valid 
method of describing allosteric systems. A detailed discussion of such experi- 
ments would not only provide the material for another book but would also 
be of little value to the general reader. However, an outline of the types of 
experimental approach which can be used to distinguish between the 
symmetrical and sequential models will be given. 

There are three types of experiment whose results may confirm or refute 
the symmetry theory. These are (a) the demonstration of ‘Hill-type’ kinetics, 
(b) the demonstration of negative cooperativity, and (c) the study of relaxation 
kinetics. In addition, a fourth type of investigation may be used to confirm 
or refute the simple induced fit sequential theory of Koshland and this in- 
volves the relationship between conformational! changes and substrate 
binding. 

3. Experimental differentiation between the two models 
(a) ‘Hill-type’ kinetics 

The symmetrical model of allosteric proteins can be considered to be a 
Special case of the sequential model, in the same way that the Hill model is 
a special case of the more general Adair model. A necessary assumption of the 
Hill model is that only two species of protein exist, completely free of sub- 


strate or fully saturated. The equation which describes the fractional satura- 
tion under these conditions is the same as equation 2.12 (the Hill equation), 


K[Sy" 


Y. = TF KIST 


Under certain conditions, the equation which describes the MWC model 
reduces to one similar to the Hill equation. If the substrate binds only to the 
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If the allosteric constant L is very large (that is, if most of the enzyme is in 
the form which does not bind S), [S]/K > 1 for most of the range of Y, when 
plotted against [S] and the equation reduces to 


15]\" 
Kg 


уезше а 


But 1/KRL = constant (K’) 
Therefore 
pe SP 

* 14 Күр 
which is the Hill equation. 

In some allosteric proteins very large values for L can be produced by 
addition of the allosteric inhibitor, which binds exclusively to the T state 
and whose effect is to increase L. Under such conditions, very little of the R 
form would be present and almost all the available R would be saturated 
with substrate, even at low substrate concentrations; that is, only T and RS, 
would exist: this is precisely the Hill assumption. Therefore, under such 
conditions, a plot of log Y(1 — У) against the log of the concentration of S 
(or for an enzyme, log v/(V,,. — v) against log [S]) should be linear with a 
slope equal to the number of binding sites. However, the number of binding 
sites (which is sometimes denoted by q) must be measured in an independent 
experiment. In other words, if it can be shown that a ‘Hill plot’ has 2 slope 
which is equal to the independently determined number of binding sites for 
S, then the symmetrical model is proved. This experimental test can only be 
used positively: lack of correlation between n and the number of binding 
Sites does not exclude the symmetrical model (for example, the binding of S 
may not be exclusive; the allosteric constant may not be sufficiently great 
even in the presence of high concentrations of inhibitor). 
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‘Hill type’ kinetics have been demonstrated for donkey spleen deoxy- 
cytidine monophosphate deaminase'^ which catalyses the reaction 


dCMP + H,O > dUMP + NH, 


The enzyme shows sigmoid kinetics towards dCMP and the sigmoidicity is 
increased by the inhibitor dTTP. In the presence of dTTP, the slope of the 
Hill plot (i.e. п) is 4. The number of substrate binding sites has been estimated 
from the binding of the substrate analogues, СМР and dAMP, to the 
enzyme (binding of the substrate cannot be investigated directly because of 
the catalytic activity of the enzyme). This study infers that there are 4 binding 
sites for the substrate (Le. q = 4). This provides very strong evidence that the 
symmetrical model is correct for this enzyme. 

A note upon the physical significance of Hill’s n, in conditions where the 
Hill assumption does not apply, may be helpful here. It has been shown’ 
that n which is defined by 

X 
dlog | -F 
dlog [S] 


is a measure of the interaction between the binding sites (that is, the co- 
operativity). A complete plot over the whole range of Y,, fora protein exhibit- 
ing positive cooperativity, is shown in Figure 2.7. 
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Figure 2.7. Diagrammatic re- 
presentation of a Hill plot for 
the saturation of a protein ex- 
hibiting positive cooperativity. 
As the two extremes (i.e., Y, = 0 
and Y, = 1) are approached, the 
slope of the curve approaches 
unity. Experimental _ points 
usually centre around Y, = 0-5 
when the slope (i.e. n) is greater 
than one’® 


= 0 and Y, = 1, n = 1, ie. there is no coopera- 
tivity since as Y, — 0, almost all the protein molecules have no substrate 


bound, and as Y, > 1, almost all the protein molecules are fully saturated 


with substrate. In the intermediate range, n reaches a maximum and, since 
= 0-5, the Hill 


the experimental points are often collected in the region X - 
plot often looks roughly linear with п > 1. For further discussion on the 


significance of n, see reference 16. 


At the two extremes Y, 
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(b) Negative cooperativity 


In the sequential model, sigmoidicity of the saturation curve is explained 
by the increasing values for the apparent binding constants K,,, Ку, Ка 
and Кы. This is induced by the binding of the first molecule of substrate, 
which causes interactions in the other protein subunits that increase the 
value of the binding constants. However, it is equally plausible that binding 
of the substrate to the first subunit could cause interactions between the 
subunits that result in the binding constants being decreased (the binding of 
the first substrate molecule makes it more difficult for the second and 
subsequent substrate molecules to bind). For example, if Kç, < (8/3)K,, 
etc., a positive cooperative effect is obtained, if Ky, = (8/3)K p2, егс. a hyper- 
bolic response is obtained, and if К, > (8/3)Ky2, etc., a negative cooperative 
effect is obtained. 

In the latter case, the plot of Y, or v against [S] would rise more steeply at 
low concentrations of S than the hyperbolic curve and would rise more 
slowly at high concentrations of S. This form of plotting the experimental 
results means that it is difficult to interpret such a curve by visual observa- 
tion, as indeed it is for sigmoid curves which exhibit only minimum deviations 
from the hyperbolic. The interpretation is made easier by a double reciprocal 
plot (Le. 1/Y, or 1/v against 1/[S]): the hyperbolic curve becomes linear, 
positive cooperativity is shown by a curve which is concave upwards and 


negative cooperativity is shown by a curve which is concave downwards 
(see Figure 2.8). 


Negative 
Cooperative 
effect 


Cooperative 
effect 


2 
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Figure 2.8. Diagrammatic double reciprocal plot 


demonstrating positive and negative cooperative 
effects 
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The symmetrical model (which is a configurational rather than an inter- 
action model) predicts only positive cooperativity: negative cooperativity is 
not permitted. An increase in the substrate concentration should always 
result in shifting of the R = T equilibrium in favour of the state to which the 
substrate preferentially binds (i.e. T > R). It has been shown mathematically 
tive interaction cannot be obtained from the symmetrical model.” 
с cooperative effect should always be positive. Therefore if negative 
vity can be demonstrated, it provides strong evidence in favour of 
the simple sequential model. 

Rabbit muscle glyceraldehyde 3-phosphate dehydrogenase'® and beef-liver 
glutamate dehydrogenase”? both exhibit negative interactions in respect of 
the binding of the pyridine nucleotide cofactor to the enzyme. The binding 
constants for NAD* for rabbit muscle glyceraldehyde 3-phosphate dehydro- 
genase have been measured by equilibrium dialysis studies. The values 
reported are as follows: K, = 25 x 107°М; K, = 3.0 x 1077 М; К; = 
approx. 1079 M; К, = approx. 107!!M. The results of these studies 
support the simple sequential model, at least for these two enzymes. 


(c) Relaxation kinetics 

These studies involve perturbation of a reaction which is at equilibrium. 
The kinetics of the reaction are followed as a new equilibrium is approached, 
a process known as relaxation. The equilibrium between an enzyme and its 
substrate can be studied only if catalysis is prevented—for example, by 
omission of one substrate in the case of a two-substrate reaction. The 
relaxation experiment is performed as follows: an enzyme and substrate are 
allowed to reach equilibrium and the system is perturbed extremely rapidly 
(for example, by passing a high voltage through the solution when the 
temperature сап be raised by 10°C in as little as 1 usec: this is known as the 
‘temperature-jump’ technique). The transition to a new equilibrium is 
followed by rapid-reaction techniques. Each individual step in the overall 
reaction takes a characteristic time which is a function of the rate constant 
of this individual step. 

Kirschner and coworkers?? have applied this technique to yeast  glycer- 
aldehyde 3-phosphate dehydrogenase which possesses 4 binding sites for 
NAD”. An equilibrium between МАР“ and the enzyme was established, the 
system was perturbed by a 'temperature jump’, and the change in the NAD - 
binding was measured by the change in absorption at 360 nm. The time 
course of relaxation to a new equilibrium could be separated into three 
different time scales (1073, 1072 and 1 second) and from each of these times 
individual rate constants for the three processes ‘could be calculated 
(kı = 7,000 57", k, = 690s" ', k, = 02 571). The slowest rate constant was 
affected neither by the protein nor by the МАР“ concentration, whereas the 
other two rate constants were decreased with increasing concentrations of 


62 REGULATION IN METABOLISM 


МАР". These data could be explained as follows: the two fast rate constants 
indicate binding of МАР“ to two states of the protein (i.e. В and T) whereas 
the slowest rate constant can be attributed to the process of interconversion 
between these two states (ie. К 2 Т transformation) This latter process 
would be expected to be independent of the protein and the NAD* con- 
centration. These results strongly favour the symmetrical model since the 
sequential model would predict at least four separate relaxation times which 
would all be dependent upon the NAD* concentration. Furthermore, from 
these results it was possible to calculate all three constants for the MWC 
model (i.e. Кк, Kr and L) and to construct a curve of Y, against [NAD+]. This 
theoretical curve fitted extremely well with the experimentally determined 
curve. 


(d) Relationship between conformation and fractional saturation 


In the induced-fit (simple sequential) model, the binding of the substrate 
induces a change in the conformation of the protein. Therefore the fraction 
of the protein in the substrate-binding form (that is, the degree of conforma- 
tion change) is dependent upon the fractional saturation of the protein by 
substrate. However, in the general sequential model (extended Koshland 
model, see Figure 2.4) which includes the symmetry model as an extreme 
case, the change in conformation is not directly dependent upon substrate 
binding so that the degree of conformational change need not be proportional 
to the fractional saturation. This is apparent from the equations derived for 
the symmetrical model. For a tetrameric molecule, fractional saturation is 
given by equation 2.18. 
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and the proportion of protein in the R state (that is, degree of conformational 
change) is given by the following equation (see Appendix 2.2) 


51“ [SJ 
m eap B 


Thus R and Y will vary independently especially when the factor 


[S] [S]? . 
1 + a is large. 
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Studies have been performed on the change in the conformational state 
of haemoglobin when oxygen is bound." The data for Y, are obtained from 
the oxygen binding to haemoglobin and the data for R are acquired using a 
spin resonance probe. The changes in Y, and R are not similar and therefore 
haemoglobin would not appear to fit the simple Koshland model. Similarly, 
work with ATCase, in which Y, was measured by the binding of a substrate 
analogue, succinate, and R was measured either by reactivity of sulphydryl 
groups or by sedimentation studies, shows that the conformational change 
can be much larger than the change in fractional saturation.???? 


4. Summary 

The properties of the two types of configurational model which have been 
proposed to explain cooperativity may be summarized as follows. The 
symmetry model of Monod, Wyman and Changeux is based upon the 
postulate that at least two symmetrical conformational states of the protein 
(R and T) exist in equilibrium in the absence of any ligand and this equilibrium 
favours the T state. The binding of substrate to any of the protomers ina 
particular state in no way influences the binding of substrate to the remaining 
protomers in that state (that is, the microscopic binding constants for the 
reaction between R-type protomers and substrate are all identical). Positive 
cooperativity is explained by the conversion of the T state to the R state (to 
which S binds preferentially or even exclusively) so that the equilibrium 
between the two states is altered in the direction of the preferred substrate- 
binding state (i.e. R). 

The simple sequential model of Koshland requires the existence of only 
one state of the protein in the absence of ligand. Symmetry is not conserved 
during ligand binding since the protomer to which the ligand is bound is 
present in a different conformational state from the remaining protomers. 
The ligand-saturated protomer interacts with the remaining protomers such 
that the microscopic binding constants are either increased (positive co- 
operativity) or decreased (negative cooperativity). 

The occurrence of negative cooperativity precludes the operation of the 
symmetry model whereas the occurrence of Hill kinetics precludes the 
operation of the simple sequential model. The variation in the conformational 
change of the protein R on binding the substrate must be identical to the 
variation in the fractional saturation of the protein Y, in order to comply 
with the simple sequential model, whereas they may vary independently for 
the symmetry model. The study of relaxation times may also distinguish 
between the two models by providing evidence for the existence of reactions 
which are independent of ligand and protein concentrations (symmetrical 
model) or by the demonstration that all reactions are dependent upon the 


ligand concentration (simple sequential model). 
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The two models described above have assumed that the sigmoid nature of 
the plot of initial velocity versus substrate concentration is due to non- 
hyperbolic binding of the substrate to the enzyme protein. In the case of the 
reaction between oxygen and haemoglobin there is no doubt that the actual 
binding of the four oxygen molecules to one haemoglobin molecule is 
sigmoidal. However, in an enzymatic reaction, the initial velocity measure- 
ments follow the conversion of substrate to product and it is frequently 
assumed that the velocity is directly related to the amount of substrate bound 
to the enzyme—that is, it is assumed that the free enzyme and substrate are in 
equilibrium with the enzyme-substrate complex and it is merely the con- 
centration of the latter which determines the rate of the overall reaction. The 
problem is emphasized as follows 


(РА 
Hb + О, == HbO, 
ка kas 
E+ S zê Е5 E.P 


Thus, for comparison with haemoglobin, only the enzyme-substrate reaction 
should be measured, whereas in almost all cases of the analysis of cooperative 
effects in enzymes, it is the overall conversion of substrate to product that is 
measured. If the reaction E + 52 ES is very close to equilibrium and if the 
rate of product formation is dependent simply and directly upon the con- 
centration of the ES complex, cooperativity (as measured by the rate of 
product formation) can be interpreted as cooperative binding of substrate. 
However, if the breakdown of ES to form E + P, which is governed by k, ps 
is complex (as when it is comprised of more than one reaction), this kinetic 
complexity may give rise to sigmoid rate curves in the absence of cooperative 
substrate binding. 


1. The Rabin model 


Perhaps the simplest kinetic model has been suggested by Rabin.?+ This 
model is represented in Figure 2.9. The initial reaction is the formation of 
the enzyme-substrate complex E'S, which isomerizes to give the complex 
E’S, in which the enzyme has undergone a conformational change. The Е" 
complex then reacts further to give E" and the product P of the reaction. 
There are thus two conformational isomers of the enzyme, E’ and EB’, of 
which the former is thermodynamically more stable. The rate-limiting step 
(that is, the slowest step in the whole reaction sequence) is assumed to be 
the conversion of E'S to Е'5 governed by the rate constant Кү 2: The con- 
version of E" to E' is also assumed to occur relatively slowly. Thus the genera- 
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Figure 2.9. A diagrammatic representation of 
the Rabin model to explain cooperativity^* 


tion of free E" and the direct combination of this E" with S, bypasses the 
slowest step (E'S > E"S) in the reaction pathway. The free energy for the 
conversion of E’ to E" is derived from the overall reaction of substrate con- 
version to product. If the velocity constant K+ 2 > k_, (that is, if the conver- 
sion of E'S to E'S is essentially irreversible), it is a thermodynamic 
consequence that the affinity of E" for S is very much greater than E' for S 
(K^ Ку < Kk ,/K', ү), otherwise it would be possible to proceed from E' 
(via E'S, ES and E") back to E’ without any chemical change taking place 
but with а net change in 467. This would violate the first law of thermo- 
dynamics. 

At low substrate concentrations, the concentration of E'S will be low and 
consequently the rate of conversion of E'S to E'S (which is dependent upon 
the concentration of E'S) will be very slow in comparison to the rate of 
conversion of E" to E’ (ie. k_ 4). Thus the number of molecules in the E" 
conformation at any given time will be very small. Consequently the catalytic 
rate will be low. At higher concentrations of substrate, the concentration of 
E'S will be higher, the rate of conversion of E'S to E'S will be greater and the 
number of molecules in the E” conformation will be larger. The probability 
that E" will react with a molecule of S before being converted back to E' is 
correspondingly greater so that the rate of catalysis increases to a greater 
extent than the increase in substrate concentration. A sigmoid activity curve 


results. 
Perhaps the best description of the operation of the Rabin model has been 


provided by Whitehead" and the following is а quotation from his paper 
in which the symbols have been changed to be consistent with the present 
discussion. 


A molecule as long as it stays in the state E^ could be said to conserve the 
‘memory’ of the fact that it has combined with a molecule of S and effected 
a catalytic event. Since E" and E' have different properties towards S, we 
could say that the protomer recognizes S differently according to whether 
or not it has within a certain probable time past met S and catalysed S > P, 
in other words, there is an interaction or cooperation between the first 
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S molecule and the second (and indeed between the first and any sub- 
sequent ones) before the molecule returns to the E'-form and ‘forgets’ 
S—the S in this scheme are thus interacting in pairs. This is an interaction 
that is transmitted through time instead of, as in the equilibrium case, 
through space. 


It is also possible to explain the effects of allosteric inhibitors and activa: 
on this kinetic model: an inhibitor would favour the reaction in which E” is 
converted to E' (that is, increase the value of the rate constant k..,) which is 
the thermodynamically favoured state. On the other hand an activator 
would increase the rate of the reaction E'S — E’S, so that even at very iow 
substrate concentrations a large number of molecules would exist in the 
E" conformation and the response curve would become more hyperbolic. 

Itis interesting that this model requires the existence of two conformational 
states (at least) of the enzyme which have different affinities for the substrate 
(compare with the symmetrical MWC model). In the equilibrium binding 
models the conformational states of the enzyme are in equilibrium whereas 
in the kinetic model they are in steady state. Furthermore the kinetic model 
has no requirement for more than one substrate binding site per protein 
molecule and therefore the protein could be monomeric. Neither is there any 
requirement for symmetry in the structure of the protein. However, if the 
enzyme was a regulatory enzyme controlled by feedback inhibition, it would 
need specific sites for the binding of the regulator molecules and specific 
conformational changes to produce modifications in the geometry of the 
protein molecule at the ‘centres’ which govern the conversions of E” to E' 
and E'S to E"S, 


2. Two-substrate enzymes 


Enzymes which catalyse reactions involving more than one substrate may 
possess intrinsic characteristics which provide a basis for a kinetic theory 
of the cooperative effect. The essential point about two-substrate reactions 
is that the kinetics can be much more complex than single-substrate reactions 
and such complexity can give rise to a sigmoid response (or more correctly 
deviations from linear double-reciprocal plots). This complexity was first 
emphasized by Dalziel” and its relationship to the sigmoid response of 
enzymes was developed by Ferdinand. The model system is described in 
Figure 2.10, It is necessary that the enzyme follows a random order mechan- 
ism (that is, it can bind either substrate irrespective of the binding of the other 
substrate). Therefore alternative pathways to the ternary complex (ES,$;) 
are available. It is assumed that the pathway 


E 2 ES, 2 Е5,5, + Е + Products 


is kinetically preferred (i.e. that K+ Ка > К.К.) and that the affinity of 
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Figure 2.10. A diagrammatic representation of 
the Ferdinand model to explain cooperativity in 
two-substrate enzymes?° 


E for S, is less than that of ES, for S,. It can be shown that the initial rate 
equation for such a system is as follows 


... Аб] + BIS? 
_ C+ DIS] + E[S,? 


where A, B, C, D and E are constants involving the second substrate, S, 
(they are complex functions of the rate constants). This equation applies 
when the concentration of substrate S; is varied and that of S; is held con- 
stant. This equation is of the Adair type (equation 2.15) and Ferdinand shows 
that when CB > DA sigmoid kinetics will be observed. 

A more qualitative interpretation of this kinetic model is as follows. If S; 
is kept at a fixed concentration (invariant substrate) and S, is increased from 
very low concentrations, at first most of S, will react with ES; which will 
be present at a much higher concentration than E. Consequently the reaction 
will proceed by the slower pathway, E е ES; = ES,S,. However, as the 
concentration of S, is increased further, the amount of S, which reacts with 
free E will be greater and ES, will begin to be formed. Loss of E to form ES, 
will cause ES, to dissociate into E and S; so that more E is available to 
react with S,. As the variable substrate concentration is increased, more of 
the enzyme will be in the form ES, and the rate of formation of the products 
will increase. A sigmoid response curve will result. As in the case of the Rabin 
model, two different conformational states of the enzyme exist and the pro- 
portion of each depends upon the concentration of the substrate. Changes 
in the extent of preference for one pathway produced by binding molecules 
other than the substrate (i.e. regulators) could either exaggerate (inhibition) 
or minimize (activation) the sigmoidicity of the curve. From the point of 
view of regulation, such a mechanism would appear to be simpler than the 
equilibrium-binding models. The sigmoidicity is an intrinsic part of the 
catalytic process and does not demand any modifications in protein structure 
(with the exception of specific regulator sites). 


(222) 
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Another aspect of this model is that when the converse experiment is 
performed (that is, when the concentration of S, is kept constant), substrate 
inhibition can be observed at high concentrations of S;. At low concentra- 
tions of S;, the enzyme is in the form ES, so that the reaction is forced through 
the kinetically preferred pathway. As S; concentration is increased, it com- 
petes with S, for the free enzyme and gradually increases the contribution of 
the slower pathway (via ES;). Therefore high concentrations of S; will inhibit 
the catalysed reaction in comparison with low concentrations. This is of 
interest because sigmoidicity with one substrate and inhibition by the other 
substrate are the characteristic properties of phosphofructokinase (sec 
Chapter 3). 

At the present time there is only sufficient information to distinguish 
between these types of kinetic models and the equilibrium-binding models 
for a very small number of the enzymes. It should be borne in mind that the 
question, ‘Which model is correct?’ is probably not valid because different 
enzymes will very likely conform to different models and therefore all models 
may be partially applicable. One simple way of differentiating between the 
kinetic models and the equilibrium-binding models is by studying the binding 
of the substrate to the enzyme. In the case of the symmetrical and sequential 
models, the actual binding of the substrate to the enzyme must be sigmoid 
but for the kinetic models it could be hyperbolic. Thus, hyperbolic binding 
and sigmoidal rate curves would strongly indicate a kinetic model. Of course 
binding studies with substrate in the absence of the complete reaction are 
exceedingly difficult to perform. Sometimes analogues of the substrate, 
which are thought to bind at the same site as the substrate, can provide useful 
information, although conclusions must then be tentative. In cases of two- 
substrate enzymes with a random order mechanism, binding can be studied 
by omitting one of the substrates whilst estimating the extent of binding of 
the second substrate. 


F. THE PHYSIOLOGICAL SIGNIFICANCE OF SIGMOID 
BEHAVIOUR 


So far in this chapter the sigmoid curve has been discussed in terms of 
molecular mechanisms that have attempted to explain such behaviour. 
This discussion emphasizes that sigmoid behaviour is not a spontaneous 
result of interaction between a protein and a ligand, but requires considerable 
complexity of protein structure. It would be unlikely that an organism would 
increase the complexity of some of its proteins for no purpose. What then 
are the advantages of sigmoid behaviour to a cell or organism in comparison 
to the more usual hyperbolic behaviour? The advantages of sigmoid be- 
haviour are related to the physiological functions of specific proteins in the 
organism. One example which clearly illustrates this point is the sigmoid 
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binding of oxygen to haemoglobin which improves the function of this 
protein as an oxygen carrier in the blood. Another example of the advantages 
of sigmoid behaviour is the increase in sensitivity of enzymes to changes in 
the concentrations of substrates and metabolic regulators. 


1. Haemoglobin 

Haemoglobin releases oxygen in the capillaries from where it diffuses into 
the tissue cells. In muscle cells the pigment, myoglobin, transfers oxygen to 
the cytochrome oxidase of the mitochondria and thus it acts as a sort of 
‘middle-man’, between the primary producer (haemoglobin) and the con- 
sumer (cytochrome oxidase). Myoglobin is a monomeric protein which 
possesses only one haem group and which binds oxygen in a hyperbolic 
manner. At an early stage of evolutionary development it probably performed 
the role of an oxygen-transporting pigment in the blood. However, in the 
course of evolution the monomeric protein was converted into a tetrameric 
protein, haemoglobin, which binds oxygen in a cooperative manner. Since 
this cooperativity is advantageous to the animal it has been favoured by 
natural selection. 

The obvious question that must be asked is, what is the advantage of 
sigmoid binding over hyperbolic binding in relation to the transport of 
oxygen in the blood, but not in relation to intracellular oxygen transport? 
Both pigments are fully saturated with oxygen at the partial pressures which 
occur in the lungs. However, haemoglobin releases most of its bound oxygen 
at much higher partial pressures than myoglobin owing to the threshold 
response of the sigmoid curve. These higher partial pressures are in fact 
found in the capillaries within muscle and other tissues and therefore 
haemoglobin is capable of discharging most of its oxygen in the capillaries. 
At these comparatively high partial pressures of oxygen, myoglobin would 
release only a small proportion of its bound oxygen. The relatively high 
partial pressure of oxygen in the capillaries is necessary in order to provide 
a sufficient gradient for its rapid diffusion between capillaries and tissue cells 
(that is, across the interstitial space). The rate of diffusion of any compound 
is dependent upon the concentration gradient. If myoglobin was the oxygen 
carrier in the blood, the partial pressure in the capillaries would have to be 
very low for efficient discharge of oxygen. Consequently the rate of diffusion 
to the muscle would be very low and oxidative metabolism would be severely 
limited. Thus the biological advantage of haemoglobin as the transport pig- 
ment for oxygen is that its dissociation properties permit a greater rate of 
supply of oxygen to the tissue so that aerobic metabolism can proceed at a 


high rate. 


2. Enzymes 
Certain specific metabolic intermediates, which occur at important 
positions in metabolism (such as a pathway end-product; a precursor for two 
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or more pathways) can relay information, usually by changes in concentra- 
tion, to key regulatory enzymes concerning the state of metabolism at that 
particular position in the pathway. These metabolic regulators perform two 
roles: they act both as intermediates for metabolic pathways and as specific 
regulators for key enzymes which may constitute part of another pathway. 
This duality of function is at least part of the reason for sigmoid behaviour 
of regulatory enzymes. At first sight it may seem that these two roles of a 
metabolic intermediate are somewhat incompatible since large changes in 
concentration might be necessary in order to relay sufficient information to 
the regulatory enzyme, whereas such changes might be difficult to produce 
in a complex steady-state situation of a metabolic pathway (see Chapter 1). 
Moreover, large concentration changes might interfere in the basic enzymo- 
logy of metabolism (for example, they may produce unwanted substrate or 
product inhibition or they may initiate non-specific side-reactions). Some 
indication of the change in concentration of regulator that is necessary to 
change the activity of an enzyme can be obtained from the model systems 
that have been described in this chapter. Thus, in the symmetrical or sequen- 
tial models the fractional saturation of enzyme with ligand can be described 
mathematically and the effect of variations in ligand concentration upon the 
fractional saturation can be analysed theoretically. 

If the interaction between an enzyme and a regulator molecule is described 
by a hyperbolic curve, a change in enzyme activity (that is, fractional satura- 
tion) from 10 to 90% requires a change in regulator concentration of about 
80-fold (Table 2.1). The range 10 to 90% is chosen because it might represent 
a reasonable change in enzyme activity when a tissue responds metabolically 
to a change in physiological state. It should be stressed that an increase in 


Table 2.1. The change in concentration of regulator that is necessary to increase the 
fractional saturation of an allosteric enzyme from 0-1 to 0-9 (see also Figure 2.3) 


Concentration of regulator Increase in concentration 
providing fractional of regulator necessary to 
saturation* of increase fractional 

Allosteric constant 0-1 0-9 saturation from 0-1 to 0-9 
0 (hyperbolic) 0-11 9.0 81-0 
1 0-18 80 444 
100 1-20 9-8 92 
500 2.00 11-5 57 
1,000 2:60 12-6 48 
10,000 5.00 19-6 39 
100,000 9-60 326 34 


* Fractional saturation is calculated according to the model of Monod, Wyman and Changeux 
assuming exclusive binding (equation 2.19). It is assumed that n has a value of 4. 
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enzyme activity from zero to 100% would demand an infinite change in 
concentration of regulator. As has been implied, even an 80-fold change is 
metabolically unlikely: it would take a long time to establish such a change 
and it could interfere non-specifically in metabolism or produce metabolic 
side effects (for example, an 80-fold change in the concentration of ATP or 
citrate, i.e. 0-2-16 mM, could cause marked ionic changes in the cell due to 
their chelation properties). However, if the response between the enzyme 
and its regulator is sigmoid, it can be calculated (using the simple model of 
Monod et al., i.e. equation 2.19) that a change in enzyme activity from 10 to 
90°% may require a change in regulator concentration of only four-fold 
(for an exaggerated sigmoid curve—see Table 2.1). Hence the significance 
of the sigmoid behaviour is that it minimizes the change in regulator con- 
centration that is necessary to modify sufficiently the catalytic activity of the 
enzyme. The role of sigmoid behaviour may be termed ‘amplification’. 

Thus the physical chemistry of equilibrium binding effectively limits the 
sensitivity of enzymes to changes in concentrations of regulator molecules. 
Whether such a system can provide an adequate control mechanism depends 
on the extent of the physiological response required by the organisms and 
the total change in concentration of regulators that the cell can either 
produce or withstand. For exampie, an increase in enzyme activity from 10 
to 90% is not very large and a total change in regulator concentration of 
four-fold is perhaps metabolically acceptable. However, the situation may 
be different if the required response is from 1 to 99%, since the total con- 
centration change for the regulator molecules will need to be much greater 
than four-fold (perhaps even 100-fold). In this condition simple feedback 
inhibition, which depends upon equilibrium-binding, may not be satisfactory 
and such a physiological situation will demand modifications in the control 
mechanism. 

At least two mechanisms may exist for improving the response between 
the change in concentration of regulator and the enzyme activity. The first 
amplification mechanism, substrate cycling, retains the simplicity of equili- 
brium binding of the regulator molecule to the regulatory enzyme, whereas 
the second mechanism, the occurrence of enzymatically interconvertible forms 
of an enzyme, involves a completely different and more complicated system. 


(a) Amplification mechanisms in enzyme activity regulation 

(i) Substrate cycles. Consider a pathway in which the non-equilibrium 
reaction B — C is opposed by another separate non-equilibrium reaction 
which results in а conversion C > B. These two separate reactions are 


catalysed by enzymes E, and E; as follows. 
Е, 
SSAC BE ХСер-р 
E, 


72 REGULATION IN METABOLISM 


As the reaction B > С is non-equilibrium (that is, energy is lost as heat), the 
reaction C — B must involve other reactants so that energy is also lost in 
the reaction (for example, ATP + C — B + ADP). It is assumed that a 
regulator X activates the enzyme E, and inhibits the enzyme Е, by equili- 
brium-binding mechanisms and that in the control situation both these 
enzymes (E, and E;) are catalytically active. Thus a substrate cycle is estab- 
lished between B and C and the activities of both enzymes are involved in the 
regulation of the rate of the overall pathway S to P. This improves the effective 
response of the enzyme system to a change in concentration of the regulator 
X. The actual response will depend primarily on the rate of cycling compared 
with the overall flux through the pathway. This is illustrated in Table 2.2, 
where the effect on the overall flux of a twofold increase in the activity of 


Table 2.2. Effects of a twofold increase in the activity of the ‘forward enzyme’ (B — C) 

and a twofold decrease in the activity of the ‘reverse enzyme’ (C — B) on the flux 

through a metabolic pathway.* Both enzymes are simultaneously catalytically active 
and thus constitute a substrate cycle 


New flux through 
pathway (S > P) in 
Initial flux through Rate of substrate arbitrary units (after Percentage increase 


pathway (S > P) in cycling in twofold enzyme іп flux due to effects 
arbitrary units arbitrary units activity changes) of regulator 
01 01 0-35 350 
0-1 02 0-50 550 
04 0-5 095 950 
0-1 10 1-70 1,700 
0-1 2.0 320 3,200 
0-1 50 7-10 7,700 


* The pathway in which compound S is converted to compound P can be described as follows : 

E, 

SAB ХСерер 

Я 
The rate of conversion of B to C, which depends upon the activities of the ‘forward enzyme” 
(E,) and the ‘reverse enzyme’ (E), limits the overall flux through the pathway. Thus E, and E; 
are regulatory enzymes for the pathway and it is assumed that a specific regulator can increase 
the activity of E, and decrease that of E,. A twofold increase in activity of E, and a twofold 
decrease in activity of E; are produced by a small change in the regulator concentration (perhaps 
a 507; increase in concentration). The initial flux through the pathway (before the increase in 
regulator concentration) is 0-1 arbitrary units. In other words, if the rate of cycling is 0-1, E, 
catalyses B > Cata rate of 0-2and E, catalyses С — Bata rate of 0-1 arbitrary units: the difference 
provides the net flux through the pathway. Similarly, at a cycling rate of 5.0 and flux of 0-1, 
E, has activity of 5-1 and E; an activity of 5-0 arbitrary units. In the absence of a substrate cycle 
an increase of 507; in concentration of the regulator could produce a change in flux through the 
pathway of about twofold (the calculations are similar to those in Table 2.1), since it will 
modify the activity of the ‘forward enzyme’ (E,) only. However, if substrate cycling occurs at a 
rate which is 10 times greater than the flux through the pathway, this 50 % increase in regulator 

concentration can produce а 17-fold increase in net flux through the pathway, S — P.?° 
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enzyme E, and a twofold decrease in the activity of enzyme E, is shown at 
various rates of substrate cycling. In essence the response of the enzyme 


cycling rate 


system to the regulator is proportional to the ratio : the larger 


overall flux 
is the value of this ratio, the greater is the amplification produced by the 
substrate cycle. 

The basic limitation of allosteric regulation has been overcome by sub- 
strate cycling, since there is no theoretical limit to the extent of amplification 
that can be produced. However, a price must be paid for the amplification: 
this price is the energy which is lost as a result of cycling. In any substrate 
cycle, energy must be continually utilized in order to maintain the cycle. 

In Chapters 3 and 6 evidence will be presented for the existence of a sub- 
strate cycle between fructose-6-phosphate and fructose diphosphate catalysed 
by the simultaneous activities of phosphofructokinase (PFK) and fructose 
diphosphatase (FDPase). In this example one molecule of ATP is hydrolysed 
for each turn of the cycle. Obviously the cycling rate should not be too great 
because of this energy loss. Since the response is dependent upon the ratio 
geing s, the net flux through the pathway must be low if the system is 

rera 
to provide greater amplification than a non-cycling system without excessive 
loss of energy. This suggests that substrate cycling as a means of improving 
the response between enzyme activity and regulator concentration will only 
be found in metabolic situations in which the overall flux through the 
pathway is relatively small. Examples of such a mechanism are the regulation 
of glycolysis at the level of fructose-6-phosphate phosphorylation in resting 
skeletal muscle (see Chapter 3) and the regulation of glucose metabolism in 
liver (see Chapter 6). 

(ii) Enzymatically interconvertible forms of enzymes. This type of control 
mechanism has three important properties. First, the regulatory enzyme of 
the pathway exists in two forms, one of which is catalytically active; the 
other is inactive (or much less active). Second, the active form is enzymatically 
converted into the inactive form by a reaction which has a large equilibrium 
constant (that is, it is not readily reversed); the inactive form is enzymatically 
converted into the active form by another reaction which has a large equili- 
brium constant. Third, the regulator X modifies the activities of the inter- 
converting enzymes (not the pathway enzyme) in opposite directions by the 
process of equilibrium binding. These properties are summarized in Figure 
ЗА? 

The essential difference between this type of mechanism and the allosteric 
mechanism is that the conversions of the active form to the inactive form 
and vice versa are thermodynamically ‘primed’ so that when the interconvert- 
ing enzyme is active, the equilibrium position of the reaction which it catalyses 
includes a high percentage of the active (or inactive) form of the pathway 
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Active pathway Inactive pathway 
enzyme enzyme 
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Figure 2.11. Regulation of enzyme activity via inter- 
convertible forms. The active pathway enzyme catalyses 
a regulatory reaction in a metabolic pathway. The reaction 
(and consequently the pathway) is regulated by factor X. 
However, X does not affect the pathway enzyme per se, 
but modifies the activities of the two enzymes E, and 
E; that interconvert the pathway enzyme between its 
active and inactive forms. The reaction catalysed by E, 
is unidirectional, as is the reaction catalysed by Е, 


regulatory enzyme (see Table 2.3). Also the role of the regulatory molecule X 
has changed from that of a direct participant in the activation (and inactiva- 
tion) of the pathway enzyme to that of a specific regulator of the interconvert- 
ing enzymes. This system of control provides amplification as explained 
below. In one physiological condition the activity of E; is much greater than 
that of E, (Table 2.3) so that the reaction catalysed by E, will approach 
equilibrium (about 99% of the enzyme is in the inactive form Pr). As the 
concentration of X is increased, E, will be stimulated and Е, inhibited. When 
the activity of E, exceeds that of E,, Pr will be converted to the other form 
of the enzyme, Pr*, and this reaction will approach equilibrium (that is, 
approximately 99% Pr*). For example, a four-fold increase in [X] will 
inhibit E, and stimulate E, such that E, becomes dominant and Pr is 
rapidly converted into Pr*. Since the equilibrium position of the reaction 
catalysed by E, may be 99 % in favour of Pr* a four-fold change in concentra- 
tion of X, through this control system, can modify the activity of the pathway 
regulatory enzyme from 17; to 99% of its maximum activity. 

Moreover it can be seen from Table 2.3 that a change in [X] of less than 
20% could cause a change in the domination between the activities of E, 
and E; which could result in a complete change in the distribution between 
Pr and Pr*. Since the difference in activities between E, and E; would be 
very small, the time taken for the reactions to approach equilibrium (that is, 
99% Pr or 99% Pr*) could be reasonably large. Thus the larger the change 
in [X] and the greater the difference between E, and E,, the more rapidly 
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will the equilibrium of the reaction catalysed by the dominant enzyme be 
approached. In the allosteric mechanism of regulation the basic limitation 
between response of enzyme and concentration change of regulator was one 
of thermodynamics: in the mechanism of regulation based on enzymatically 
interconvertible forms of enzymes the limitation is not one of thermo- 
dynamics but of kinetics. Is the change in [X] large enough to produce a 
sufficiently rapid conversion of one form of the enzyme to the other? This 
will of course depend upon the particular physiological situation and the 
enzyme involved. 

There are now six definite examples of enzymes which are regulated by 
this type of mechanism: glutamine synthetase of E. coli, the pyruvate dehydro- 
genase complex, glycogen phosphorylase, phosphorylase b kinase, UDPG- 
glucosyltransferase and triglyceride lipase. The glutamine synthetase system 
is described in reference 27 and Figure 2.12. The pyruvate dehydrogenase 
system will be described in Chapter 3, and the phosphorylase system and 
glucosyltransferase will be described in Chapter 4, where the physiological 
reasons for this form of control will be discussed. The triglyceride lipase inter- 
conversion system will be discussed in Chapter 5. 


Glutamine 


12 ATP ч 12 PP (or 24Р) 


Adenylylating * 
Glutamine synthetase 
(GSa, active) 


enzyme 


Glutamine synthetase - (АМР) 
(GSb, inactive) 


Deadenylylating 


enzyme 
12 AMP 1 
4 Ө 
Glutamine 


Figure 2.12. Regulation of glutamine synthetase by enzymatic 
interconversions. This figure has been taken from reference 27 and 
modified slightly 
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APPENDIX 2.1. DERIVATION OF A SATURATION FUNCTION 
FOR THE MONOD-WYMAN-CHANGEUX MODEL 


The ailosteric protein is considered to exist in two conformational states, R 
and T, which are in equilibrium. The equilibrium is governed by the allosteric 
constant, L. In order to simplify the derivation of the saturation function, a 
tetrameric protein (n = 4) is considered. The microscopic dissociation 
constant, Ky, which describes the affinity of the R state for the ligand, is 
identical for all the binding sites. Similarly in the T state, K is identical for 
all the binding sites. 
The situation is described as follows 


Ro е To 
Ro +S2R, T+Se2T, 
К, +S2R, T; * SeT; 
R, 52830 T,+S2T; 
R,+S2R, Ту+5ет, 


The notation adopted by Monod et al.° is used here for ease of reference. 
This notation differs slightly from that used in Section D.2 which was chosen 
to be more consistent with the derivation of the Adair equation. у 

The apparent dissociation constants for the four reactions involving the 
R state are Ky,, Kg, Каз and Кш, and for the T state they are UK S. 
K^; and К. These apparent dissociation constants are statistically related 
to the microscopic dissociation constants, Кк and Кү, respectively, as 
described below. 

The saturation function, Y, is defined below as the fraction of the total 
number of ligand-binding sites that are filled. 


m (К, + 28, + 3R;  4R4) + (Т, + 2T; + ЗТ + 414) (2.23) 
(Е, + В, +R, +R, +R) + (To + Ti + T; + Ts + T4J 
(The brackets [ ] to denote concentration have been omitted from the 
appendices for the sake of simplicity.) However, R,, R;, etc., can be expressed 
in terms of Ry and the apparent dissociation constants of the four reactions 
involving the R state (ie. Кш, Kaz, etc). 
7 
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Thus, 
RoS 
Ric Es 
RS Rese 
Ro—y IE 
d2 41 42 
R,S RoS? 
Rs sage oak: 
d3 91. **d2 d3 
" R,S R,S* 


. 3 Kas 7 Ка „Ка; Kas. Ка 


These dissociation constants are statistically related to the microscopic 
dissociation constant Kg, as follows. 


Ка = Kp 
This should be clear when it is realized that there are four chances of the 


ligand binding to the protein Ro, for every one chance of ligand dissociating: 
from R,. Similarly, 


Ка = En 
Каз = 3Kp 
Кы = 4Kg 


Substituting for these dissociation constants in the above expressions 


Rie 3 

ny fa 

ا 
з SE‏ 


In an analogous way, expressions for T; , T;, etc., can be derived in terms of 
> 
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To, S and the microscopic dissociation constant, Кт. 


_ 4TS 
pu Кт 
6T,S? 
Т, = Ki 
4T,S? 
gae K3 
TS 
Т; = “KE 


These expressions for R,, К,, etc, and T,, T;, etc., can be substituted in 
equation 2.23. 


4R,S 126,52 I2R,S? 4RoS*  4T,S 12709: , I2ToS? , 4ToS* 
zt 2 E A 2 K3 K* 
Y= Ка Kg KR KR Ky Kî m T 
2r 4R,S 6852 4R,S? , RoS* 
[вож К + Ki ut Kj = Ki 
4T,S | 6T,S? 47,55 , ToS* 
‚(+ Kr JH Ki Ki + Ki 


4R,S/, 3S 352 5° ESL 3s 3S? a 
LRL та 
+++ і 


у = Ка E 2 = 4 
E 4S 652 453 .5* 45 652 455 5 | 
T- o эю норш ИШ TO چ‎ et а 
ып E RTK e КЕ Ke 
Since 
3s 352 83 | S 
— d ends bc 
^mt га 
апа 


4S 652 453 =| | s 
RE. га — 
xU Ki 


the above expression simplifies to 


3 
4R,S sy "esp =| 
Kr (1+) к\к; 


Е, 
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Since the allosteric constant L = To/Ro, To can be replaced by LR, and the 
factor 4 can be cancelled. 


elte + кг | 
моја +e) mm 


5 133 T SES. 5 ў 
Ki Ка 


== == ыс ын VE (2.24) 
5 |* 5 \* 
m + 1+ Ê 


If the number of binding sites on the protein is n, equation 2.24 can be 
expressed in the general form as follows. 


S n-1 S S n-1 
xs +1—|1+=— 
у Ка Kr Kr (2.25) 
ie E e 
Ка Kr 


If S/Kg = «апа Ky/K, = c (so that S/Kr = ca), equation 2.25 becomes 


n-1 n-i 
ја a(l + a)! + Lco(1 + ca) 2.26) 
(1 + à)" + ЦІ + ca)" 
If the ligand S is assumed to bind only to the R state (exclusive binding) 
Kr will approach infinity and c will approach zero. Consequently, equation 
2.26 can be further simplified. 
a(l + ај“! 
А сыш =]. 2.27 
* E+ (ua 220 
(This is identical to equation 2.19 in Section D.2(b).) 
There are several situations in which equation 2.26 reduces to that of a 
rectangular hyperbola: 


(a) When the allosteric constant is either infinitely small (i.e. L 0) ог 
infinitely large (i.e. Г. — оо). In these situations there is virtually only one 
state of the protein to be considered and obviously the source of sigmoidicity 
is removed. 

If L — 0, terms іп L become negligible so that 


a(l + x)! + Lco(1 + ca^! 
` (1+ o)" + ЦІ + cay 


24] 
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simplifies to 


ad + ay! 
hs (1 + о)" 

4 a 

“ita 


If L— æ, all terms lacking L become negligible so that 
үс Leo{1 + со)“ ' 
` И + са)" 
__со(1 + соў"! 
` (40 + cay 
eR 
` 1+ се 
(Б) Hyperbolic curves result if there is only one binding site per protein 


molecule, ie. n = 1 
a+ Lea 


° dea Lu Loa 
Е a(l + Lc) 
` a(1 + Le) + (1 + L) 


5 а 
x (1 +L) 
“+ TFL) 
This equation has the form «/( + B) (where В is a constant) and it describes 
a hyperbola. s 
(c) If the affinity of the R state for the ligand is identical to that of the T 
state (Le. Ку = Kr and c = 1), hyperbolic curves result. In this situation the 
two states are identical (from the point of view of the ligand) and this removes 
the source of sigmoidicity 
— оца њој“! + Та + о)! 
Y= ъа + Wl + ај 


(1 + L)(1 + ә)" 
_ a(t + ot 
| (01-02 

a 
l+a 
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APPENDIX 2.2. DERIVATION OF THE FUNCTION OF STATE, 
R, FOR THE MONOD-WYMAN-CHANGEUX MODEL 


The function of state, R, is defined as the fraction of the total protein in 
the R state. Thus, for a tetrameric protein, 

Ro + R; + R; + R; + R; 
(Ro + R; + Е, + R; + Ry) + (To + T, + T; + T; + T4) 


R= (2.28) 
Since Кү, Ry, etc., and T,, T}, etc., may all be expressed in terms of the 
free protein, Rg and To, the ligand concentration, S, and the microscopic 
binding constants, Ку and Кт (for details see Appendix 2.1), equation 2.28 
becomes ' 


ARoS 685° 48,52 | Кобе 
UE MISI. Ki” Ке 
ARoS OR,S? _ 4R,S>_ Коб“ 
[Rot K, ^ Ki * KP тка 


Rz 


E [к 67052  4T,S? s 


АЁ ХОК S CEST. K 


45 6S? 45) s 
Ку Kk Kg Ка 


Cancelling Ro 


e (2.29) 
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APPENDIX 2.3. DERIVATION OF EQUATIONS FOR 
HETEROTROPIC EFFECTS IN THE 
MONOD-WYMAN-CHANGEUX MODEL 


(i) Inhibition 

An inhibitor, I, is considered to bind preferentially to the T state of the 
enzyme and thus will shift the R æ T equilibrium in favour of T (that is, the 
allosteric constant L is increased). As a result there is less protein in the R 
state to which the substrate may bind and inhibition results. Consider the 
case of a tetrameric protein in which the effect of the inhibitor I is to increase 
the allosteric constant L to Lj, the fractional saturation of enzyme with 
substrate is given by 


3 
SE 


у Ка a > (2.30) 
"m | + E 
where there is exclusive binding of substrate to the Е state. Li may be ex- 
pressed in terms of the concentration of inhibitor, I, and the microscopic 
dissociation constants, К, and K,,, for the complexes of I with the R state 
and T state respectively. In the absence of inhibitor, the allosteric constant 
L is given by 


In the presence of inhibitor, the new allosteric constant ТА is given by 

jes To + Ti, + Ta, + Ta, + T4, (231) 

Ry + Ry, + Ro, + Ra, + Ка 

The concentrations of T;,, T2,, etc. and К, Ку etc., may be expressed in 
terms of free protein Ro and То, concentration of inhibitor, I, and the 
microscopic dissociation constants Kig and K, in exactly the same way as 
the concentrations of the enzyme-substrate complexes were derived (see 
Appendix 2.1), i.e. 


АТЫ у _ ARol 
wE Kê LS Ky 
6T, I? 6R,P 

Ж, Kio, aiia 
4T, P 4R,P 
Наг на 
Тог Rol 
а^ Ke Ra, Ki 
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Substituting these expressions in equation 2.31, 


Since ТК, = L (the allosteric constant in absence of inhibitor) 
^ 
lee 
1д = 1, (2.32) 
I*k- 
Since 1 binds preferentially to the T state, К, < Ки, УК, > 1/K and 
therefore L > L, ie, the allosteric constant is increased in the presence of 


In the extreme case where I binds exclusively to the T state 
Um p. 
H +.) 
(0 Activation 


Activation is considered to arise in an analogous fashion to inhibition 
except that an activator is a compound which binds preferentially to the 
same state as that to which the substrate also binds (Le. the R state) The 
microscopic dissociation constants for the R, and T, complexes are K., 
and K,, respectively. If the same reasoning as in Section (i) above is applied, 
the allosteric constant, L, becomes L in the presence of a fixed concentration 
of activator A, where L is defined by 


(233) 
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Since the activator binds preferentially to the R state, Ка, < Ka, and 
А/К, > A/K ди Therefore Lj, < L. Thus, the activator causes а decrease 
in the allosteric constant—that is, it shifts the R # T equilibrium in favour 
of the R state. Therefore a greater proportion of the enzyme is present in the 
substrate-preferred conformation and sigmoidicity is decreased. 

In the extreme case, the activator binds exclusively to the R state and 


„= L 
( * E 
(iii) Inhibition and Activation 
The variation of fractional saturation of an enzyme with varying substrate 
concentration, in the presence of a fixed inhibitor concentration | may be 


expressed in terms of the original allosteric constant, L, merely by substituting 
for L; in equation 2.30, 


This equation applies when S binds exclusively to the R state, If 1 binds 
exclusively to the T state equation 2.34 simplifies to 


(239) 


(237) 
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The simultaneous presence of both activator and inhibitor results in a new 
allosteric constant, L", which is given by 


Cx) x 
1+—) |1+ | 
L'- КЫ Kar (2.38) 


In the case of exclusive binding of both activator and inhibitor (to R and T 
states respectively) re 


LSE | т (2.39)* 
Thus the variation of fractional saturation, Y,, with substrate concentration, 


S, in the presence of both activator and inhibitor is given by substituting L” 
for L in equation 2.30. 


pm T+ UK. + AJKa "n 57 7 (2.40) 
(1+ 1/K,,)*(1 + I/K,,)* Kg 


For the case of exclusive binding of both activator and inhibitor equation 
2.40 may be simplified to 


5 | 5’ 
+ Ка Ky 
Teo (a KD S. 
коно еру ан: „Р: 
(LX AKA | Ка 


It may be extended to include preferential binding of the substrate, when 


Sl, S|7' OAKS AKA. S 5 y 
wie EA + Kel ТЕКА Kj * X; 
ro. 5 |" (1 + ИК.) + A/K,.)" 5\" 
| D zi "EK + pal b E 


* N.B. Monod et al.'? have replaced 1/K,, and A/K,, by f and y, so that 


ХО 00-10 tA f. to о 
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CHAPTER 3 


REGULATION OF CARBOHYDRATE 
METABOLISM IN MUSCLE 


A. INTRODUCTION | 


1. The glycolytic pathway 

The degradation of the simple sugar, glucose, into the 3-carbon compound, 
pyruvate, by the sequence of enzyme-catalysed reactions shown in Figure 3.1 
appears to be a universal system for liberation of energy, some of which is 


—?| 
Cell membrane 
Glucose 
HK | 
PGM = 
GA6-Pi SS GHP m Glycogen | 
Е-6-Р 
РЕК} 
ЕОР 


aia] | 
——— PL, 
ОНАР === G-3-P 
ти [сарон 
1,3-diPGA 
| рак 
3-PGA 


|| P6 mutase 


Jex 
LOH 
Pyruvate === Lactate 

Cell membrane E 


Figure 3.1. The glycolytic pathway in muscle. 
(1) Entry of glucose into muscle by a specific 
transport process. (2) Exit of lactate from the 
muscle by diffusion across cell membrane. 
HK, hexokinase; PGM, phosphoglucomut- 
ase; PGI, phosphoglucoisomerase; PFK, 
phosphofructokinase; Ald, aldolase; TIM, 
triose phosphate isomerase ; GAPDH, glycer- 
aldehyde-3-phosphate dehydrogenase ; PGK, 
phosphoglycerate kinase; PGmutase, phos- 
phoglycerate mutase; EN, enolase; PK, 
pyruvate kinase; LDH, lactate dehydro- 
genase 
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conserved in the chemical bonds of ATP. The pathway is sometimes known 
as the Embden-Meyerhof-Parnas pathway after the three investigators who 
elucidated most of the individual reactions. Although the reactions involved 
in the conversion of glucose to pyruvate are very similar in all organisms, 
the fate of the pyruvate depends upon the organism and its environment. 
The pathway is presumed to have arisen early in the course of evolution 
since it provides a mechanism for the generation of ATP under anaerobic 
conditions. 

The initial reaction is the transport of glucose across the cell membrane 
and this involves a specific carrier mechanism. The first intracellular reaction 
is the conversion of glucose to glucose-6-phosphate (involving ATP conver- 
sion to ADP) and is catalysed by the enzyme hexokinase 

Glucose + ATP — Glucose-6-phosphate + ADP 

This reaction ensures that the intermediates of glycolysis are phosphorylated 
and this may be important in restricting these compounds to the cytoplasmic 
compartment (where the glycolytic enzymes are located) since both the cell 
membrane and the mitochondrial membrane are generally impermeable to 
phosphorylated compounds. In the glycolytic pathway glucose-6-phosphate 
is converted to fructose-6-phosphate which is further phosphorylated by 
ATP to form fructose-1,6-diphosphate. The conversion of glucose to fructose 
ensures that the C—O group is adjacent to the third C atom in the molecule. 

The bond between the third and fourth C atoms is split by an aldol cleavage 
to produce two triose phosphate molecules which are maintained in equilib- 
rium by the enzyme triose phosphate isomerase. 


єн,о® єн,о® 
Fete ma ol 
СНОН лч, CH,OH 
A ара +-- —— + 
CHOH CHO 
CHOH CHOH 
CH,0® CH,0® 


Glyceraldehyde-3-phosphate is oxidized to phosphoglycerate. During 
this oxidation МАР“ is converted to NADH and inorganic phosphate (Р,) 
is taken up and converted into the ‘energy rich’ mixed anhydride bond 

O 

VA 
С 

Se 
CHO COOP® 


| 
CHOH + NAD* + P, > СНОН + NADH 


CH,0® CH,0® 
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In this form the phosphate group is transferred by phosphoglycerate kinase 
onto ADP to form ATP and 3-phosphoglycerate. The combination of the 
glyceraldehyde-3-phosphate dehydrogenase and 3-phosphoglycerate kinase 
reactions provides an oxidative reaction in which some of the energy released 
by the oxidation is conserved in the ATP molecule. The other important 
aspect of this reaction is the conversion of NAD* to NADH which must be 
continually reoxidized to NAD* in order to maintain glycolytic flux (see 
below). 

The 3-phosphoglycerate is converted to phosphoenolpyruvate by mutase 
and enolase reactions. Finally the phosphate from this compound is trans- 
ferred to ADP with the formation of ATP and pyruvate. Presumably the 
initial product of the pyruvate kinase reaction is enol-pyruvate, but this is 
rapidly converted to the more stable keto-form. 


CH, CH, 
ADP + C—O® ¬+ C—OH + ATP 


COOH COOH 
1 
CH, 


| 
de 
COOH 


2. Regeneration of NAD+ for glycolysis 

The reduction of NAD* in the glyceraldehyde-3-phosphate dehydrogenase 
reaction requires that the NADH which is produced must be reoxidized at 
the same rate as glycolysis. In most types of muscle under anaerobic con- 
ditions this is accomplished by the lactate dehydrogenase reaction: 


CH;COCOOH + NADH > МАР“ + CH,CHOHCOOH 


Thus, anaerobic glycolysis is a self-sufficient process. White anaerobic 
vertebrate skeletal muscles (such as rabbit leg and pheasant pectoral muscle) 
obtain almost all of their energy for contraction from anaerobic glycolysis: 
they have little aerobic capacity for pyruvate oxidation, a poor blood supply, 
a low activity of hexokinase and a high activity of phosphorylase’ (Table 3.1). 
Consequently the conversion of pyruvate to lactate is more important in 
these muscles than in the more aerobic red vertebrate muscles and insect 
flight muscles which have highly active enzymes of the TCA cycle and the 
mitochondrial electron transport chain. 

In red muscles the conversion of pyruvate to lactate is only important 
when the demand for energy is greater than the availability of oxygen. Under 
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aerobic conditions pyruvate is oxidized within the mitochondria and there- 
fore it is unavailable for the oxidation of glycolytic NADH. Another pathway 
for the oxidation of this NADH must be present in these muscles. 

In aerobic muscle the mitochondrial electron-transport chain provides 
the obvious means of oxidation of glycolytic NADH, but a problem arises 
from the impermeability of the inner mitochondrial membrane to pyridine 
nucleotides. Indirect means must be employed for the transport of reducing 
equivalents from the cytoplasm to the mitochondria. In insect flight muscle 
this is achieved by a process known as the glycerol-1-phosphate cycle? : in 
the cytoplasm the enzyme glycerol-1-phosphate dehydrogenase catalyses the 
conversion of dihydroxyacetone phosphate (formed along with glycer- 
aldehyde-3-phosphate in glycolysis) and NADH to glycerol-1-phosphate and 
МАР". The glycerol-1-phosphate enters the mitochondria where it is 
oxidized to dihydroxyacetone phosphate by the mitochondrial glycerol-1- 
phosphate dehydrogenase (a flavoprotein enzyme). The dihydroxyacetone 
phosphate returns from the mitochondrion to the cytoplasm to complete the 
cycle (Figure 3.2). An obvious question arises as to why the NADH cannot 


Carbohydrate--- G-3-P->——<——~= Pyruvate 


CYTOPLASM 
NADH NAD* 
DHAP © Glycerol-1-P 
DHAP Ds Оле Glycerol-1-P 
Reduced Oxidized. 
flavoprotein flavoprotein 
MITOCHONDRION 


Figure 3.2. Theglycerol-1-phosphate cycle. (1)Cyto- 
plasmic glycerol-I-phosphate dehydrogenase. (2) 
Mitochondrial glycerol-l-phosphate dehydrogen- 
ase. (3) Glyceraldehyde-3-phosphate dehydrogenase. 
G-3-P is glyceraldehyde 3-phosphate. DHAP is di- 
hydroxyacetone phosphate 
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enter the mitochondria directly and avoid the necessity for such a complex 
cycle. The answer is that the mitochondrial membrane is impermeable to 
pyridine nucleotides and as a result the redox state (i.e. NAD* /NADH ratio) 
in the cytoplasm can be maintained at a more oxidized level than that in the 
mitochondria. The pyridine nucleotide system in the cytoplasm has to be 
maintained in a relatively highly oxidized state (NAD * /NADH is about 10°) 
in order to ensure that the equilibrium of the reaction catalysed by glycer- 
aldehyde-3-phosphate dehydrogenase lies in favour of glycolysis: a more 
reduced ratio would favour the conversion of 1:3-diphosphoglycerate to 
glyceraldehyde-3-phosphate (i.e. gluconeogenesis). However, the mito- 
chondrion must maintain its pyridine nucleotides much more reduced 
([NAD*]/[NADH] is about 10) in order to provide sufficient driving force 
for the electron-transport chain and oxidative phosphorylation. 

The glycerol-1-phosphate cycle must be irreversible in order to prevent 
the two pools of pyridine nucleotides equilibrating by means of the cycle. 
Irreversibility is achieved through the mitochondrial glycerol-1-phosphate 
dehydrogenase reaction which is non-equilibrium. It is interesting that 
although glycerol-1-phosphate is produced in the cytoplasm by the NADH- 
linked reduction of dihydroxyacetone phosphate, in the mitochondrion the 
oxidation of glycerol phosphate involves a flavin-linked reduction in the 
electron-transport chain, so that the resultant P/O ratio is 2 (instead of 3). 
This extra energy is not conserved in ATP but is lost as heat, in order to 
ensure the non-equilibrium character of the mitochondrial dehydrogenase 
reaction and of the cycle as a whole (Chapter 1, Section B). 

The glycerol-1-phosphate cycle does not appear to play such an important 
quantitative role in NADH oxidation in vertebrate aerobic muscle, in which 
the activity of the mitochondrial glycerol-1-phosphate dehydrogenase is very 
low! (Table 3.1). In these muscles the malate-oxaloacetate shuttle may 
perform a similar function to the glycerol-1-phosphate cycle in insect flight 
muscle? In this case oxaloacetate is reduced to malate (and NADH is 
oxidized to МАР“) in the cytoplasm by malate dehydrogenase and malate 
traverses the mitochondrial membrane and is then oxidized to oxaloacetate 
by the mitochondrial dehydrogenase. Two problems complicate the system: 
first, oxaloacetate does not traverse the mitochondrial membrane very 
readily and therefore it has been proposed that it leaves as aspartate which 
requires transaminase reactions on both sides of the mitochondrial mem- 
brane (see Figure 3.3); second, the malate dehydrogenases function on both 
sides of the membrane as NAD*-linked enzymes which would produce a 
reversible cycle and result in equilibration of mitochondrial and cyto- 
plasmic pools of pyridine nucleotides. Therefore at least one of the reac- 
tions in the cycle must be irreversible. This is possibly the transport of 
malate into the mitochondria or the transport of aspartate out of the 
mitochondria. 
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Figure 3.3. The malate-oxaloacetate cycle. (1) Malate 
dehydrogenase. (2) Glutamate-oxaloacetate transaminase 


3. Energy relationship between glycolysis and the TCA cycle 


When glycolysis functions anaerobically, the net energy gain is 2 ATP 
molecules per glucose molecule. However, in most anaerobic situations that 
occur physiologically in muscle, endogenous glycogen is the substrate for 
glycolysis and this produces 3 ATP molecules per glucose residue. In aerobic 
muscles the complete oxidation of glucose produces 34 ATP molecules per 
glucose molecule (or 38 if the mitochondrial oxidation of glycolytic NADH is 
taken into account). Therefore aerobic metabolism is at least 10-fold more ' 
efficient in terms of energy production per glucose residue. 


4. The need for control of glycolysis 


The control of glycolysis is necessary to ensure that carbohydrate is de- 
graded only as rapidly as energy is required by the cell. The requirement for 
energy will vary from organism to organism and from tissue to tissue. In the 
case of microorganisms, the synthetic processes involved in growth and 
replication will largely determine the need for ATP synthesis and the rates 
of these processes must be adapted to the nature of the environment or 
medium in which the microorganism is growing. At the other extreme of 
biological complexity, the cells of vertebrate tissues are subservient to the 
needs of the organism as a whole. This may place demands upon a particular 
tissue such that extremely sudden and drastic changes in the rate of ATP 
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synthesis are required. For example, muscle tissue may have to switch from 
rest to a state of violent mechanical activity in a fraction of a second. 

The energy for muscular contraction is supplied by the hydrolysis of ATP. 
The amount of ATP that is found in muscle is not very large (5—7 pmol/g 
fresh weight of muscle) and calculations of the length of time for which this 
ATP could support contraction emphasize the need for rapid and controlled 
variation in the rate of ATP generation. The turnover of ATP in muscle 
during contraction can be calculated in a number of ways (see Appendix 3.1 
for details). From the oxygen uptake data of a flying insect (such as Lucilia 
sericata), or an isolated perfused rat heart, it can be calculated that the total 
ATP in these muscles would support contraction for about 0-1s and 5s, 
respectively. Similarly, from the maximum glycolytic capacity of white 
skeletal muscle, it can be calculated that during vigorous mechanical activity 
the total ATP content could support contraction for no longer than one 
second in the absence of ATP regeneration (Appendix 3.1). 

Obviously, muscle is an extreme case of a tissue that is specialized for the 
rapid provision of energy and specific control mechanisms will be expected 
to play a fundamental role in the regulation of the utilization of fuels (such 
as glucose and glycogen). Consequently, experimental studies of glycolytic 
control mechanisms have centred upon muscle tissue and provide the basis 
for the discussion in this chapter. It is now becoming clear that other glyco- 
lysing cells including microorganisms (such as E. coli and yeast) and other 
mammalian tissues (such as brain and red blood cells) may utilize similar 
control mechanisms. At the present state of the investigations, differences 
between tissues or between organisms appear to be merely quantitative: it 
cannot be easily assessed whether they reflect variations of an experimental 
nature or whether they can provide a basis for important differences in 
contro] mechanisms. 


B. IDENTIFICATION OF NON-EQUILIBRIUM REACTIONS 
OF GLYCOLYSIS 


The study of the control of glycolysis provides a good example of the 
application of the approach outlined in Chapter 1 for the identification of 
regulatory enzymes and the development ofan acceptable theory of metabolic 
control. The first stage of the investigation is the identification of non- 
equilibrium reactions by measurements of mass-action ratios and maximal 
enzyme activities. Á 


1. Mass-action ratios and equilibrium constants for the glycolytic reactions 


Mass-action ratios for the reactions of glycolysis from a variety of tissues 
are collated in Table 3.2 together with the apparent equilibrium constants. 
Several points emerge from a consideration of the data in this table. 
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(a) The mass-action ratios for each reaction are fairly similar in all the 
tissues studied. This facilitates the assessment of the data and emphasizes the 
basic similarity of different tissues. 

(b) Apparently the reactions catalysed by phosphoglucoisomerase, phos- 
phoglycerate mutase and enolase are close to equilibrium, whereas those 
catalysed by hexokinase, phosphofructokinase and pyruvate kinase are 
removed far from equilibrium. 

(c) The aldolase/triose phosphate isomerase system and the glyceralde- 
hyde-3-phosphate dehydrogenase/phosphoglycerate kinase system are more 
difficult to assess. However, it is concluded for the purpose of this discussion 
that both these enzyme systems catalyse reactions close to equilibrium. 
Therefore they do not enter into any further consideration of the control of 
glycolysis by feedback mechanisms. The experimental problems concerning 
calculation of mass-action ratio data for these reactions are discussed in 
Appendices 3.2 and 3.3. 


2. Maximum catalytic activities of the enzymes of glycolysis 


In general, enzymes that catalyse non-equilibrium reactions possess low 
catalytic activities in comparison to those catalysing near-equilibrium 
reactions. The maximum activities of the glycolytic enzymes from a variety 
of tissues (measured in vitro under optimal conditions) are presented in 
Table 3.3. Despite the variation in total activities there is an overall pattern, 


Table 3.3. Maximal activities of glycolytic enzymes in different tissues. The enzyme 
activities are expressed as што! of substrate transformed/min/g fresh tissue55:5?. 70 


Enzyme activities 
ee SEE раа 


Skeletal 

Reactions catalysed by: Brain Heart muscle Erythrocytes 
Hexokinase 17 7 L5 03 
Phosphoglucoisomerase 80 65 176 56 
Phosphofructokinase 24 14 56 1:8 
Aldolase 15 24 78 0:7 
Triosephosphate isomerase 415 580 2,650 97 
Glyceraldehyde-3-phosphate 

dehydrogenase 105 135 440 17-1 
Phosphoglycerate kinase 610 74 169 25-6 
Phosphoglycerate mutase 12 27 100 8-6 
Enolase 47 15 158 1-6 
Pyruvate kinase 164 145 387 46 


Lactate dehydrogenase 100 386 366 20-4 
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which is similar in all tissues. This pattern becomes clear upon consideration 
of the relative activities of the enzymes as calculated in Table 3.4 in which 
the activity of hexokinase has arbitrarily been assigned as unity. The enzymes, 
hexokinase, phosphofructokinase, aldolase and (in most cases) enolase have 
low activities in comparison with the remainder of the glycolytic enzymes. 


Table 3.4. The relative activities of glycolytic enzymes 


activities 
(based on a value of 1 mol/min/g for hexokinase) 
Skeletal 

Reactions.catalysed by: Brain Heart muscle Erythrocytes 
Hexokinase 1 1 1 1 
Phosphoglucoisomerase 5 9 117 19 
Phosphofructokinase 2 2 37 6 
Aldolase 1 4 52 25 
Triosephosphate isomerase 28 83 1,768 323 
Glyceraldehyde-3-phosphate 

dehydrogenase 7 19 295 57 
Phosphoglycerate kinase 41 10 113 85 
Phosphoglycerate mutase 8 3 67 28 
Enolase 3 2 105 5 
Pyruvate kinase 11 21 258 15 
Lactate dehydrogenase 7 55 244 67 


Thus, from the criterion of maximal enzyme activity, these enzymes should 
be classified as catalysing non-equilibrium reactions. However, if these 
activities are taken in conjunction with mass-action ratios, only hexokinase 
and phosphofructokinase can be definitely classified as ‘non-equilibrium’ 
enzymes. This suggests that there may be problems associated with the 
measurement of the maximum activities of aldolase and enolase in vitro, so 
that the assays underestimate the total catalytic capacity that is available in 
the intact tissue. These problems remain unresolved at present. Another 
problem enzyme is pyruvate kinase: the mass-action ratio strongly indicates 
that it catalyses a non-equilibrium reaction whereas the maximal catalytic 
activity suggests otherwise. It is assumed for this discussion that the mass- 
action ratio data provide a better criterion and that pyruvate kinase catalyses 
a non-equilibrium reaction. 
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C. IDENTIFICATION OF REGULATORY ENZYMES 


1. Introduction 


The identification of non-equilibrium reactions indicates those enzymes 
whose activities limit the flux through the pathway. How can the activity of 
such an enzyme be controlled? One possible mechanism is by variation of 
the substrate concentration. However, if control is effected by compounds 
other than the substrate, the enzyme would be a regulatory enzyme according 
to the more restricted definition presented in Chapter 1 (Section C.2). An 
enzyme can be shown to be regulatory (according to the latter definition) if 
the concentration of the pathway substrate (that is, the pathway intermediate 
which is the substrate for the enzyme under consideration) changes in the 
opposite direction to the change in flux. The rationale for this type of experi- 
ment has been discussed in detail in Chapter 1 (Section C.2). There has been 
a great deal of experimental work on variations of glycolytic flux and the 
changes in glycolytic intermediates. For the sake of clarity each of the 
possible non-equilibrium reactions of glycolysis is considered in turn and 
selected evidence which positively identifies regulatory reactions is 
presented. 


2. Glucose transport into the cell 


Although there is very little known about the molecular details of the 
transport process, there is every indication that a specific carrier within the 
membrane is responsible for the entry of glucose (see Appendix 3.4). In order 
to establish that this transport process is regulatory, it is necessary first to 
show that it is removed from equilibrium. It is not possible to measure the 
activity of this process in vitro and therefore conclusions must be based 
solely on mass-action ratio data (that is, the ratio of the concentration of 
intracellular glucose to the concentration of extracellular glucose). A mass- 
action ratio approaching unity indicates that transport is an equilibrium 
process (providing that glucose equilibrates completely within the intra- 
cellular water). Unfortunately, there is a major experimental problem in the 
precise measurement of the concentration of intracellular glucose. Any 
measurement of the tissue content of glucose includes that which is external 
to the cell membrane as well as that which is intracellular. This problem may 
be surmounted by the measurement of the extracellular fluid volume using 
a compound (such as sorbitol) that cannot traverse the cell membrane (see 
Figure 3.4). Since the concentration of glucose in the extracellular water is 
the same as that in the medium, the intracellular concentration may be 
calculated (for an example, see Appendix 3.5). 

A large difference between the total tissue content and the extracellular 
content of glucose enables the intracellular content to be estimated with 
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Figure 3.4. Use of sorbitol to measure extracellular fluid 
volume 


reasonable precision. This is not possible when there is only a small difference 
between these contents. Nevertheless, if the concentration of the intracellular 
glucose is very small (i.e. non-detectable) and the extracellular concentration 
is high, the concentration ratio of intracellular glucose to extracellular glucose 
will be very large and will indicate that transport is a non-equilibrium process. 
This is found to be the case in many experimental preparations of muscle 
(for example, isolated rat diaphragm and isolated perfused rat heart). Thus, 
it can be concluded that under many conditions the rate of glycolysis from 
extracellular glucose is limited by the transport process at the muscle cell 
membrane. 

It can also be demonstrated that the glucose transport process in muscle 
is regulatory since it is modified by factors other than the concentration of 
extracellular glucose. The rate of glucose uptake by the isolated rat diaphragm 
and the perfused rat heart can be increased under conditions in which the 
transport process is non-equilibrium (for example by anaerobiosis or the 
Presence of respiratory poisons or uncoupling agents). The flux is increased 
and the substrate concentration (extracellular glucose) is decreased in 
comparison to the control condition. Therefore the transport process must 
have been increased by factors other than concentration of extracellular 
glucose.^5 This conclusion can be confirmed by experiments in which the 
transport of non-utilizable sugars (such as xylose and arabinose) is studied. 
Apparently these sugars enter the cell by the same carrier-mediated process 
as glucose (see Appendix 3.4) so their accumulation can be used asa direct 
Measure of the rate of the transport process. Anaerobiosis, respiratory 
Poisons, uncoupling agents and insulin all increase the rate of accumula- 
tion of these sugars by the isolated rat diaphragm and perfused rat heart, 
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whereas the oxidation of fatty acids decreases their accumulation.*:5^ 
Therefore the transport process can be modified by factors other than the 
extracellular sugar concentration. 


(a) The effects of insulin on glucose uptake by muscle 


The effect of insulin on the stimulation of glucose uptake by muscle and 
other tissues is an important regulatory process. At this point a short account 
of the historical development of ideas about the effect of insulin will provide 
useful background information for the reader. 

The first indication that a substance produced by the pancreas could 
affect the rate of glucose uptake by muscle was provided by the work of 
Knowlton and Starling as early as 1912." They showed that glucose uptake 
by the perfused dog heart was negligible following the removal of the pancreas 
but was restored to normal by the addition ofa boiled extract of pancreas to 
the medium. In 1922, Banting and Best isolated the hormone, insulin, from 
the pancreas? and there followed a number of experiments that showed that 
insulin was responsible for the stimulation of glucose uptake in muscle tissue, 
but a controversy arose over which reaction in the pathway of glucose 
utilization was stimulated by insulin. Two major theories were proposed to 
explain the effect of insulin on glucose metabolism; the hexokinase theory 
and cell membrane transport theory. Since hexokinase catalyses an early 
reaction in the utilization of glucose it was considered to be a potential 
regulatory enzyme. Hexokinase activity of muscle extracts was found to be 
inhibited by anterior pituitary and adrenal cortical extracts supplied either 
in vitro or in vivo and this inhibition could be removed by insulin.? At the 
time it seemed possible that the activity of hexokinase was regulated by a 
critical balance of hormones and that insulin exerted its effect on glucose 
uptake in muscle by removing the inhibition of hexokinase. Although the 
observations of hexokinase inhibition by pituitary extracts may have some 
validity, this stimulatory effect of insulin could not be repeated.!° 

However, a paper had been published as early as 1939 which presented 
good evidence that the effect of insulin was due to accelerated membrane 
transport :!' glucose uptake of the musculature of the eviscerated cat obeyed 
saturation kinetics and, even at saturation, no significant intracellular 
accumulation of glucose was observed, This indicated a specific process for 
the transport of glucose. Furthermore, in the perfused hind-limb preparation, 
insulin increased glucose uptake three-fold but the intracellular glucose 
concentration remained very low. Since the glucose concentration gradient 
across the cell membrane did not change, insulin must have stimulated the 
transport process. 

It is usual to credit Levine and colleagues’? with the first evidence for the 
action of insulin on membrane transport in muscle. They found that in 
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eviscerated-nephrectomized dogs the volume of distribution of D-galactose 
was approximately extracellular in the absence of insulin but was increased 
to greater than the extracellular volume (that is, extra- plus intracellular) 
when insulin was administered. Since galactose is not metabolizéd to any 
great extent in this preparation, these workers concluded that insulin had 
specifically accelerated a membrane transport process. Accordingly, they 
proposed that the hormone would exert a similar effect on glucose transport. 
Since these experiments, a substantial body of evidence has accumulated in 
support of this theory.!?:!* 


3. The hexokinase reaction 


Hexokinase can be shown to be a regulatory enzyme if the rate of glucose 
phosphorylation can be changed in the opposite direction to the concentra- 
tion of substrate (intracellular glucose) The practical demonstration is 
hindered by the problems involved in the accurate measurement of the 
intracellular glucose concentration. The presence of insulin and a high 
concentration of glucose (5-10 mM) in the perfusion medium activates 
glucose transport in the perfused rat heart so that the activity of hexokinase 
limits glucose uptake and there is an accumulation of intracellular glucose. 
Therefore the latter can be measured with reasonable precision. If glycolysis 
is increased (and therefore glucose phosphorylation is increased) by addition 
of respiratory poisons, uncoupling agents or by anaerobiosis, the intracellular 
glucose content is markedly reduced (in comparison to the control situation).5 
On the other hand, the oxidation of an alternative substrate to glucose 
(such as fatty acids, ketone bodies or pyruvate) decreases the rate of gly- 
colysis and the content of intracellular glucose is increased. Therefore 
in this tissue, under certain conditions, hexokinase can be shown to be a 
regulatory enzyme. In skeletal muscle, intracellular glucose is not experi- 
mentally detectable (even in the presence of insulin) and it is not possible to 
conclude that hexokinase is a regulatory enzyme (according to the second 
definition). 


4. The phosphofructokinase reaction 

Phosphofructokinase can be shown to be regulatory if the rate of fructose- 
6-phosphate phosphorylation is increased under conditions where the 
concentration of fructose-6-phosphate is decreased, or vice versa. In the 
perfused heart and isolated rat diaphragm preparations (and in brain) the 
stimulation of glycolysis by respiratory poisons or by anoxia is accompanied 
by a fall in the fructose-6-phosphate content of the tissue.'^ Conversely, the 
oxidation ofa substrate other than glucose (such as fatty acids, ketone bodies 
or pyruvate) in perfused-heart and diaphragm preparations decreases the 
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rate of glycolysis (and therefore of fructose-6-phosphate phosphorylation) 
and the content of fructose-6-phosphate is increased.'* In experiments with 
the blowfly, the initiation of flight stimulates glycolysis in the flight muscles 
about 100-fold and the content of fructose-6-phosphate decreases.!? Thus, 
there is ample evidence to support the view that PFK is a regulatory enzyme 
for glycolysis in muscle. This is also the case for other tissues (see references 
16 and 17 for brain tissue). 

In experiments in which glycolysis in a skeletal muscle preparation (such 
as frog sartorius) is increased by electrical stimulation, there is an increase 
in the content of fructose-6-phosphate as well as the other hexose mono- 
phosphates.'* The probable reason for this is that phosphorylase is activated 
by electrical stimulation to a greater extent than PFK. But it cannot be con- 
cluded that PFK is regulatory, because the increase in fructose-6-phosphate 
concentration could be responsible for the increase in PFK activity. How- 
ever, it has been shown that treatment of this muscle preparation with 
adrenaline, which increases phosphorylase activity (see Chapter 4) and raises 
the content of fructose-6-phosphate to a level higher than that obtained with 
electrical stimulation, produces a smaller increase in glycolytic flux (as 
measured by lactate formation).!? Thus in the electrical stimulation experi- 
ments the activity of PFK must have been increased by factors other than the 
fructose-6-phosphate concentration. 


5. The pyruvate kinase reaction 


Although it appears that pyruvate kinase catalyses a non-equilibrium 
reaction in muscle and other tissues, it has not been possible to show that 
it is a regulatory enzyme, except in the case of cerebral cortex slices. (The 
stimulation of glycolysis by several agents—cyanide, glutamate, K^ ions— 
results in a decrease in the tissue content of phosphoenolpyruvate.!") In 
experiments with the blowfly, initiation of flight results in a very marked 
stimulation of glycolysis (about 100-fold) but there is very little change in 
the concentration of phosphoenolpyruvate.!? It would require a large 
increase in the concentration of this substrate to increase the activity 
of pyruvate kinase by 100-fold and, since large increases in content of sub- 
Strate are not observed, this suggests that the enzyme is regulated by other 
factors. 


6. Sumnrary 


A summary of the possible regulatory reactions in glycolysis in muscle is 
presented in Figure 3.5. 
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Figure3.5. The regulatory reactions of glycolysis in | @ 
muscle. (1) Glucose transport. (2) Hexokinase. (3) Phospho- 
fructokinase. (4) Pyruvate kinase Pyruvate 


D. PROPERTIES OF REGULATORY ENZYMES AND THEORIES 
OF METABOLIC REGULATION 


1. Introduction 

Once the regulatory enzymes have been identified, the next step in the 
general approach is to identify the controlling factors. These factors may be 
elucidated during a systematic in vitro study of the properties of the proposed 
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regulatory enzymes. A theory based upon these properties may then be 
constructed and tested. If the results of such a test do not comply with the 
theory, the properties of the enzymes must be re-examined and the theory 
modified and tested once more. The following discussion centres upon 
hexokinase and PFK in muscle simply because they illustrate particularly 
well this method of approach. The emphasis upon these two enzymes must 
not be taken to reflect their overriding importance in control of the rate of 
glycolysis from extracellular glucose or glycogen. The major limitation in 
the rate of glycolysis from glucose in muscle may occur at the level of mem- 
brane transport, about which little is known. On the other hand, the major 
limitation in the rate of glycolysis from glycogen may occur at the level of 
phosphorylase, whose regulation is described in Chapter 4. However, the 
regulation of glycolysis from intracellular glucose and glucose-6-phosphate 
occurs at hexokinase and PFK, respectively. 


2. Properties of phosphofructokinase and control by the ‘energy status’ of 
the cell 


The detailed properties of PFK, which appear to be relevant to metabolic 
regulation, will be described as the story of the regulatory mechanism unfolds. 
It should be stressed that the physiological theory of control of glycolysis is 
not dependent upon knowledge of the mechanism of control of PFK at the 
molecular level ; it is sufficient for the physiological theory that the metabolic 
compounds that modify the activity do so in a reversible manner and at 
concentrations that are reasonably physiological. Whether or not a theory 
based upon such properties is acceptable depends upon theoretical and 
experimental considerations of a physiological rather than a molecular 
nature. 

For the theory of control of glycolysis the essential properties of PFK 
are as follows: it is inhibited by ATP above a certain optimum concentration 
(Figure 3.6a) and this inhibition is relieved by АМР, P,, fructose diphosphate 
or fructose-6-phosphate (see Figure 3.6 and references 20, 21). If the activity 
is plotted against the fructose-6-phosphate concentration at an inhibitory 
concentration of ATP, the resultant plot is sigmoid (Figure 3.6b). These 
properties can be explained by a kinetic mechanism similar to that proposed 
by Ferdinand, or by a mechanism based on equilibrium binding of ATP to 
various conformational states of the protein (see Chapter 2). At present there 
is not sufficient information to aistinguish between these possibilities. 
Nonetheless, from desensitization experiments, it can be concluded that 
PFK possesses one catalytic site for ATP and at least one regulatory 

site.?? 
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Phosphofructokinase activity 


ATP concentration 
(a) 


Phosphofructokinase activity 


F-6-P concentration 
(b) 


Figure 3.6. (a) Plot of phosphofructokinase 
activity against ATP concentration in the 
presence and absence of AMP. (b) Plot of 
phosphofructokinase activity against fructose- 
6-phosphate concentration at a non-inhibitory 
level (1) and an inhibitory level (2) of ATP 


(a) The problems associated with control of phosphofructokinase by ATP 

A simple theory of glycolytic control can be proposed which is based 
solely upon the inhibition of PFK by ATP. The theory is that ATP controls 
its own rate of formation (from glycolysis and the TCA cycle) by feedback 
inhibition of PFK. Such a simple closed-loop system would function as 
follows: when the ATP-utilizing reactions are stimulated (for example, by 
increased contractile activity) the level of ATP would fall and this would lead 
to stimulation of PFK (Figure 3.7). Glycolysis would be stimulated and ATP 
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Figure3.7. Simple ATP-feedback mechanism for the inhibition of glycolysis 
in muscle. For simplicity, ATP generation from glycolysis is omitted 


would be synthesized at a higher rate in order to satisfy the increased re- 
quirement. According to this theory, the content of ATP should be high when 
the rate of ATP utilization is low (for example, in resting muscle) and the 
content of ATP should be low when the rate of energy utilization is high 
(for example, during contraction). However, it has been known for many 
years that increased mechanical activity does not lead to large decreases in 
the content of ATP despite the very large increase in energy expenditure. 
(Indeed, the inability to detect a change in the ATP content in muscies made 
to contract by electrical stimulation led A. V. Hill in 1950 to issue a challenge 
to biochemists to demonstrate that ATP was in fact the primary energy 
intermediate for muscle contraction.)?? In a perfused working isolated rat 
heart (in comparison to a perfused non-working heart) the rate of contraction, 
the coronary flow, the oxygen uptake and glucose utilization are all in- 
creased.?^ When the heart is made to work, the flux through РЕК is increased 
about four-fold, whereas the content of ATP is decreased by only 16% 
(Table 3.5). Similarly when the blowfly is forced to fly, the rate of flux through 
glycolysis (and therefore through PFK) is increased by about 100-fold, 
whereas the ATP content is decreased by only 10% (Table 3.5).2° The 
question is, could such a small change in ATP content lead to sufficient 
stimulation of PFK activity? This question could be answered by reference 
to the experimental response curve of PFK activity to ATP concentration, 
but it is always possible that changes in the assay conditions will result in an 
increase in sensitivity to ATP and the number of possible changes in assay 
conditions are almost infinite. If PFK interacts with ATP at the regulatory 
site by a process of equilibrium binding, the response can be described either 
by a hyperbolic or by a sigmoid curve, depending upon whether or not the 
ATP binding sites are independent. It may be calculated from the Monod- 
Wyman-Changeux model that a change in enzyme activity from 107; to 
90 % requires a change in regulator concentration of at least four-fold (for 
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assumptions see Table 2.1). It is therefore exceedingly unlikely that the small 
changes in ATP content observed in the above experiments could explain 
the large increases in activity of PFK. 

It is possible, of course, to suggest that changes in concentration of ATP 
in the local environment of PFK may be decreased four-fold, and that this 
is not detected in the total tissue measurements. The role of ATP as the 
fundamental energy-transfer compound would suggest otherwise. Any 
change in the concentration of ATP would produce a change in the opposite 
direction in ADP, and large changes would seriously modify the amount of 
energy released during ATP hydrolysis (see Table 3.6). Variations in the 


Table 3.6. The effect of changes in the ATP/ADP concentration ratio on the free energy 


of hydrolysis of ATP 
Concentration (mM) AG for ATP hydrolysis 

ATP ADP Pi (calories) 
A 4.95 0-05 80 12,834 
3-90 1.0 80 10,849 
220 20 80 10,047 
1-42 245 80 9,734 
B 11-0 10 80 11,475 
10-0 20 80 10,986 
60 6-0 80 9,990 
20 10-0 8-0 8,993 


The change in free energy was calculated from AG = AG? + RTIn ADP.P/ATP; AG? was 
taken to be — 7,000 cal; by convention the concentration of water was taken to be unity. In 
section A the changes in the concentrations of ATP and ADP are in accord with an adenylate 
kinase equilibrium and a total nucleotide concentration of 5 mM (see Table 3.7). In section В 
the changes in concentrations of ATP and ADP are not related to adenylate kinase and the 
total nucleotide concentration is 12 mM. In both A and B the concentration of inorganic phos- 
phate has been kept constant to simplify the calculation of the change in free energy. 

The table shows that a small change in the ATP concentration results in a considerable 
decrease in the quantity of energy released from the hydrolysis of ATP. The normal contents 
of adenine nucleotides in muscle are approximately those shown in the top line of section A 
in this table and suggest that the amount of energy released from the hydrolysis of 1 mole of 
ATP is between 11,000-13,000 calories. A decrease in ATP content of four-fold causes a 30% 
decrease in the free energy released. At this level the hydrolysis of ATP may not provide sufficient 
energy for many of the energy-requiring processes in muscle.?7 


amount of energy transferred would produce inefficiency in energy con- 
versions generally.” All unidirectional reactions must release some energy 
as heat but a proportion of the total available energy is used for ‘useful work’ 
(such as the concentration of ions or mechanical activity). If the energy 
available from the hydrolysis of ATP varied, then, in order to maintain the 
same amount of chemical work and ‘unidirectionality’ (i.e. heat loss) when 
the concentration of ATP was low (i.e. low energy level), more heat would 
have to be lost when the ATP concentration was high (i.e. high energy level, 
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Figure 3.8. Generation of energy for mechanical 
activity. Hydrolysis of the terminal phosphate 
bond of ATP to form ADP and P, provides the 
universal means by which energy is transferred 
in living systems. However, this is a means for 
transference of energy rather than storage. 
Energy is released, for example, in the conversion 
of glucose or glycogen to lactate and this energy 
is used by the living organism to carry out all 
theenergy-requiring processes of life (forexample, 
muscle contraction, ion transport, biosynthesis). 
The energy released from the process of glyco- 
lysis is not used directly but is transferred initially 
into the chemical bonds of ATP which donates 
the energy for processes such as muscle contrac- 
tion, etc. Hence, when the rate of the energy- 
consuming processes is increased, the rate of 
utilization and regeneration of ATP must also 
increase. Thus, the energy for the contraction 
process is ultimately obtained from the con- 
version of glucose to lactate and not from the 
hydrolysis of ATP. This hydrolysis only acts as 
the energy link between the process that releases 
the energy (glycolysis) and the process that uses 
the energy (muscle contraction). Consequently, 
the concentrations of ATP and ADP should 
not change to any appreciable extent during 
contraction?! 


see Figure 3.8). The advantages that stem from a stable energy currency in 
the cell are not unlike those that stem from a stable international currency. 
Transactions or transformations involving biological energy can thus be 
performed at any time with supreme confidence that the free energy available 
from the reaction will be relatively constant. 


(b) AMP as an amplification system for changes in ATP. 


Despite the biochemical problems associated with ATP as a feedback 
inhibitor for control of its own formation, the system has the essential 
simplicity of a satisfactory feedback mechanism. Since large changes in the 
concentration ofATP are precluded on the basis of energy-transferefficiency, a 
mechanism that can detect and magnify small changes in ATP concentration 
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is required. A closer inspection of the properties of PFK indicates the 
existence of such a mechanism. The ATP inhibition of this enzyme is relieved 
by the presence of physiological concentrations of AMP (Figure 3.6). The 
role of AMP in an amplification mechanism provides a theory of contro! of 
glycolysis which has the following experimental and theoretical basis. 

In the cell the concentration of AMP is related to that of ATP through 
the equilibrium reaction catalysed by adenylate kinase (often referred to as 
*myokinase' in muscle tissue), 


2ADP 2 ATP + AMP 


There are two essential properties of this reaction in the living cell which 
provide amplification: the ATP concentration is maintained very much 
higher than that of AMP and the reaction is always close to equilibrium. 
The equilibrium nature of the reaction is indicated by the extremely high 
activity of adenylate kinase and by the mass-action ratio which is very 
similar to the equilibrium constant. If the concentration of any one of the 


Table 3.7, Variations in adenine nucleotide concentrations based on the equilibrium 
of the reaction catalysed by adenylate kinase 


Concentration (mM) % change in [AMP] 
ADP ATP AMP [ATP]/[ADP] % change in [ATP] 
04 4.899 0-001 49.0 - 
02 4:796 0-004 240 190 
03 4-691 0-009 15:6 102 
05 4-48 0-02 89 49 
10 3:89 0-11 39 42 
15 3.19 0-31 21 16 
2.0 22 0-80 1-1 9 


The concentrations are calculated from the equilibrium constant for the adenylate kinase 
reaction, 
_ [АМР][АТР] _ 
FNTETUT кан 
assuming a constant total nucleotide concentration of 5 mM. The algebraic equation for the 


calculation is 
c—a\? c—a 
x- — 044a? 
Му jer bet ешле 


where c is the total nucleotide concentration, a is the ADP concentration, and x is the AMP 
concentration. In the computation of the values in this table the restriction that [ATP] > [AMP] 
has been applied. 

This table shows that a small percentage change in ATP concentration results in a larger 
percentage changc in the concentration of AMP. The magnitude of the change in concentration 
of AMP is dependent upon the initial [ATP]/[ADP] ratio and is always constant for any given 


гано.27 
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three nucleotides changes, compensatory changes in the others will auto- 
matically result and, since [ATP] is about 50-fold higher than [AMP], a small 
decrease in [ATP] must cause a much larger fractional increase in [AMP]. The 
data in Table 3.7 show the results of theoretical calculations of concentrations 
of adenine nucleotides as dictated by the equilibrium characteristics of the 
adenylate kinase reaction. Clearly, the extent of the amplification that can 
be achieved depends upon the [ATP]/[ADP] ratio and must remain constant 
for any given value of this ratio. For example, a 10% change in ATP con- 
centration can produce a four-fold change in that of AMP. Two points 
should be emphasized here : first, it is the fractional change in the concentra- 
tion of ATP or AMP which is important for the response of the enzyme and 
not the absolute concentration (even the minimum concentration of AMP 
in the muscle is probably 100-fold higher than that of PFK); second, this 
role of AMP is based upon the properties of an isolated enzyme (PFK), and 
upon theoretical calculations of changes in concentrations of adenine 
nucleotides assuming equilibrium of the adenylate kinase reaction. 


(c) Primary evidence for the amplification theory of control of phospho- 

Jructokinase 

This theory has been tested experimentally using intact tissue preparations. 
Glycolysis can be increased in the perfused isolated rat heart by approxi- 
mately nine-fold under anaerobic conditions (or in the presence of respiratory 
poisons) when the concentration of ATP changes only 19% but [AMP] is 
increased about four-fold (Table 3.5). One of the difficulties of investigating 
metabolic control is that in order to detect statistically significant changes 
in the contents of important metabolites, the metabolic system has to be 
considerably perturbed. It is often necessary to employ unphysiological 
conditions (such as anaerobiosis) in order to ensure sufficiently large changes 
in the concentrations of metabolic regulators. However, the rate of glycolysis 
in the perfused heart can be modified by such physiological conditions as 
increased work or provision of alternative substrates to glucose (see later). 
In insects, the process of flight requires such a large expenditure of energy 
that, upon the transition from rest to flight, there is a very large increase in 
the rate of metabolism. In experiments with blowfly (Phormia regina) Sacktor 
and colleagues have shown that glycolysis is stimulated about 100-fold, that 
the concentration of ATP is decreased only 10 % but that of AMP is increased 
about 250 % (Table 3.5).?5 

Inorganic phosphate also relieves the ATP inhibition of PFK and in the 
experiments described above (see Table 3.5) the inorganic phosphate content 
was increased when glycolysis was stimulated. Therefore it should reinforce 
the effects of changes in the AMP concentration. The increase in inorganic 
phosphate may result from the hydrolysis of creatine phosphate (or arginine 
phosphate in invertebrate muscle) Creatine phosphate is broken down 
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during muscular activity and could give rise to phosphate via the following 
reactions 


tine 
Creatine-P + ADP ————— ATP + creatine 
phosphokinase 


Actomyosin ATPase 
ول ا‎ 


ATP ADP + P, 


Net reaction 
creatine-P —————_-+ creatine + P, 


The net result of the breakdown of creatine phosphate is an increase in 
creatine and inorganic phosphate while the levels of ATP and ADP remain 
fairly constant. Hence, under these conditions, creatine phosphate may act, 
not only as an energy donor for the synthesis of ATP, but also as a reservoir of 
inorganic phosphate for the stimulation of glycolysis. 

Fructose diphosphate decreases the ATP inhibition of PFK. This property 
provides the basis for yet another amplification mechanism. A stimulation 
of the PFK reaction may increase the concentration of fructose diphosphate 
which would result in a further stimulation of PFK. The process is to some 
extent autocatalytic, although it cannot produce unlimited stimulation of 
PFK since it only relieves ATP inhibition. Evidence for this role of fructose 
diphosphate is obtained from studies with intact tissues in which it can be 
shown that the concentration of this compound increases under conditions 
in which PFK is stimulated.!*25 


(d) Secondary evidence for the amplification theory of the control of phospho- 
fructokinase 

The evidence described in the previous section supports the proposed 
theory for the control of glycolysis. However, it is indirect evidence: it does 
not prove that the theory is correct ; it is merely consistent with it. Evidence 
ofa more direct nature would be obtained if the concentration ofthe regulator 
could be measured in the immediate environment of PFK in the cell or if the 
properties of this enzyme could be studied under more physiological con- 
ditions (for example, at a concentration of 1 mg/ml). Such investigations are 
at present technically impossible. It is interesting that perhaps the strongest 
support for the above theory is obtained from what may be described as 
secondary evidence, which is, in fact, even more indirect than the primary 
evidence described above. 


(i) Oscillations in glycolysis. This phenomenon was first detected in studies 
on the reduction and oxidation of pyridine nucleotides in intact yeast cells. 
It was observed that when a certain concentration of glucose was 
administered to the yeast cells under anaerobic conditions, damped oscil- 
lations in the state of reduction of the pyridine nucleotides occurred.?* 


, 
| 


БГ mc 


e — 


CARBOHYDRATE METABOLISM IN MUSCLE 115 


Computer-aided calculations of the kinetics of various types of model 
systems?? indicate that at certain substrate and product concentrations a 
system of the type, 
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should oscillate—that is, the concentrations of reactants should increase to 
a maximum as the products decline to a minimum and then spontaneously 
the reactants should decline and the products accumulate. This cycle of 
events is spontaneously repeated and oscillations are induced in the products 
which are 180° out of phase with the oscillations in the reactants. The 
activation of PFK by the product is essential in order for spontaneous 
oscillations to occur. In extracts of yeast or beef heart, sustained oscillations 
in the redox state of the pyridine nucleotides can be induced by the supply of 
a glycolytic substrate (glucose) and by addition of either hexokinase, PFK 
or an ATPase to the system. Oscillations of the same frequency as those of 
the pyridine nucleotides (4-10 cycles/hour) are seen in the adenine nucleotides 
and the glycolytic intermediates. An analysis of the phase relationships 
indicates that the PFK reaction is the source of the oscillations that is, 
fructose 6-phosphate and fructose diphosphate oscillate 180° out of phase. 
Moreover, in yeast the oscillations may be initiated by the addition of glucose, 
fructose, glucose-6-phosphate or fructose-6-phosphate but not by addition 
of fructose diphosphate or any other glycolytic intermediate that occurs 
after the РЕК reaction." In beef-heart extracts the oscillations are modi- 
fied by factors that affect the activity of PFK.?? All this evidence supports 
the suggestion that the PFK reaction is the oscillatory source. Since calcu- 
lations based upon the in vitro properties of PFK predicted the occurrence 
of oscillations, the fact that oscillations in glycolysis do in fact occur in intact 
cells strongly supports the theory of control of PFK based on its in vitro 
properties. 

It is not known if these oscillations have any biological significance, 
although it is tempting to speculate that oscillations propagated in this way 
might provide a molecular basis for circadian (and other) rhythms. Obviously 
the frequency of glycolytic oscillations is much too high to be directly 
involved in such rhythms, but a basic rhythm could be easily reduced in 
frequency. In this respect it is interesting that the most important tissue for 
generating rhythmicity in higher animals, the brain, has a continual require- 
ment for glucose (see Chapter 6). It remains to be seen whether this require- 
ment stems from an abnormal need for energy derived solely from the 
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catabolism of carbohydrate or whether glycolysis plays a more subtle role 
in brain metabolism such as rhythm generation. 


(ii) Role for adenylate kinase. The amplification theory described above 
provides a specific and possibly unique role for the enzymatic reaction 
catalysed by adenylate kinase (that is, amplification of small changes in 
ATP concentration). However, the adenylate kinase reaction has been known 
for many years, whereas this theory for the control of glycolysis is relatively 
recent. Previously, the postulated role for this enzyme was the conversion 
of ADP into ATP whenever the ATP level was critically reduced. Under 
these extreme conditions adenylate kinase would catalyse the conversion of 
ADP into ATP according to the reaction: 


2ADP ¬+ ATP + AMP 


Since AMP is produced in this reaction, the ADP could be used only once 
and, since the total nucleotide concentration is low, this mechanism could 
provide energy for only a very short period of time. For example, in the 
perfused heart the total content of ATP turns over once every 7 seconds, 
so that at most adenylate kinase could supply ATP for about 3 seconds. 
In muscles with a higher turnover of ATP it could supply energy for a much 
shorter period. Such a process would have little ‘survival’ value. 

Another possible role for the enzyme is the phosphorylation of AMP that 
is produced in the reactions that ‘activate’ amino acids and fatty acids (amino 
acyl-t-RNA synthetase and fatty acid thiokinase, respectively). However the 
activities of these activating enzymes in muscle are very low (<3 umol/min/g 
fresh wt) whereas the activity of adenylate kinase is extremely high (approxi- 
mately 100 umol/min/g fresh weight). Furthermore adenylate kinase has a 
higher activity in white skeletal muscle than in red skeletal muscle (and heart) 
whereas fatty acid oxidation occurs almost exclusively in the red muscle. 

Thus, the amplification role for adenylate kinase appears to be the only 
plausible one at the present time, and as such it provides indirect evidence 
for the theory of control of glycolysis by changes in the concentrations of 
adenine nucleotides. 


(e) Reason for a direct effect of ATP on phosphofructokinase 


The inhibition of PFK by ATP would appear to be something of an enigma 
if changes іп the concentration of ATP are not significant in regard to changes 
in the activity of the enzyme. In view of the suggested role of AMP, it might 
have been expected that phosphofructokinase would be directly activated by 
AMP. The evolutionary development of the control mechanisms of PFK 
could explain the indirect effect of AMP. The most primitive form of feedback 
control of this enzyme may have been the ATP-inhibition mechanism, but 
this suffers from the disadvantage of inefficiency in energy transfer as dis- 
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cussed above. However, it is a general biological axiom that Nature, when 
evolving new mechanisms, simply adapts or modifies mechanisms already 
in existence. Therefore ATP inhibition represents an evolutionary primitive 
control mechanism and the enzyme has adapted by providing the de- 
inhibitory response to AMP, which now appears to play the major role in 
regulation of activity of phosphofructokinase in many organisms. 


3. Properties of hexokinase and the control of glucose phosphorylation 


Since hexokinase (HK ) catalyses a non-equilibrium reaction, the regulation 
of PFK activity need not necessarily control glucose uptake. Inhibition of 
PFK without simultaneous control of hexokinase (or membrane transport) 
would cause an enormous accumulation of hexose monophosphates. The 
properties of isolated hexokinase provide a basis for a theory of control 
which links both this enzyme and PFK in a concerted control mechanism. 
The properties of this control system are consistent with the known character- 
istics of the reactions involved in glycogen synthesis and breakdown and 
with the effects of insulin upon glucose transport and UDPG-glucosyl 
transferase. These metabolic interrelationships provide further indirect 
evidence for the control of the early stages of glycolysis by adenine nucleo- 
tides. 


(a) Properties of hexokinase and theory of control 


Hexokinases from a variety of tissues are inhibited by the reaction product, 
glucose-6-phosphate. This inhibition is non-competitive with respect to the 
substrate, glucose. This property alone provides the basis for a control theory: 
inhibition of PFK results in an increase in the concentrations of fructose-6- 
phosphate and glucose-6-phosphate and therefore the phosphorylation of 
glucose is inhibited. Conversely, stimulation of PFK results in a decrease in 
glucose-6-phosphate concentration and stimulation of phosphorylation. The 
changes in glucose-6-phosphate content in muscle are consistent with this 
theory (for example, in the perfused isolated rat heart the content of glucose- 
6-phosphate is increased when the glycolytic rate is depressed, and vice 
versa*:1^?5): a simple diagram of the concerted mechanism of control of 
HK and PFK is given in Figure 3.9. 


(b) Indirect evidence for the theory of control of hexokinase and phospho- 
fructokinase 

The non-competitive nature of the glucose-6-phosphate inhibition of 
hexokinase is of fundamental importance in this concerted control mechan- 
ism. Ifan increase in the concentration of intracellular glucose could stimulate 
HK and lead to an increase in the concentration of hexose monophosphate, 
this would effectively overcome the control of PFK by the adenine nucleotide 
System (fructose-6-phosphate counteracts ATP inhibition ; Figure 3.6b). In 
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Figure 3.9. Control of glycolysis in muscle at the hexokinase and phospho- 
fructokinase reactions 


other words, glycolytic flux could vary in response to variations in the 
concentration of intracellular glucose. However, the inhibition of HK by 
glucose-6-phosphate is non-competitive and therefore cannot be overcome 
by excess glucose.* This is an example ofa concerted control system involving 
two enzymes both of whose properties are designed to provide efficient 
control of the pathway as a whole and neither of which would be effective 
alone. 

At first sight, a much simpler control mechanism could be expected from 
non-competitive adenine nucleotide control of hexokinase. Such a mechan- 
ism would reduce the complexity of control at the PFK reaction, but hexo- 
kinase would be inhibited when the muscle was at rest and glycogen synthesis 
would be prevented. The separation of glycolytic control between PFK and 
HK permits glucose residues to be converted to glycogen even though 
glycolysis is severely inhibited at the level of PFK. The dual effect of insulin 
in stimulating both glucose transport (see Section C.2(a)) and the activity of 
the enzyme UDPG-glucosyltransferase (see Chapter 4, Section E.5) supports 
this theory (Figure 3.10). 


* [n liver a specific bypass of the glucose-6-phosphate control of hexokinase exists. This 
tissue possesses the enzyme, glucokinase, which is not inhibited by glucose-6-phosphate and 
which has a high К„ for glucose (10 mM). Therefore it is able to respond to changes in blood 
glucose (via the intracellular glucose) without any restriction by the hepatic concentration of 
glucose-6-phosphate. This mechanism is discussed in detail in Chapter 6, Section B.1. 
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Figure 3.10. Stimulation of glucose transport and 

UDPG-glucosyltransferase by insulin. The stimu- 

lation of glucosyltransferase by insulin may not be 

brought about directly, but via a secondary 
messenger 


An effect of insulin solely on transport would raise the intracellular levels of 
glucose and glucose-6-phosphate. The latter would restrict the flux through 
the hexokinase reaction and minimize the rate of glycogen synthesis. The 
additional stimulation of glucosyltransferase activity by insulin ensures 
that the steady-state concentrations of the intermediates between glucose 
and glycogen (particularly glucose-6-phosphate) remain fairly constant and 
therefore the conversion of glucose-6-phosphate to glycogen is optimized. 

The HK-PFK concerted control system provides a flexible mechanism of 
control of glycolysis, permitting glycogen synthesis when glycolysis is 
inhibited, and enabling the specific hormonal and nervous control of 
phosphorylase to modify PFK activity through the fructose-6-phosphate 
concentration. 


4. An extension of the adenine nucleotide theory of control of phosphofructo- 
kinase in muscle 
(a) Problems of the adenine nucleotide theory 


The evidence in support of the theory of control of phosphofructokinase 
by the concentration changes in adenine nucleotides is reasonably sub- 
stantial. However, in some experiments it has not been possible to detect 
any changes in the concentrations of the adenine nucleotides despite large 
increases in the rate of muscle glycolysis. Thus, electrical stimulation of the 
isolated frog sartorius muscle and the in situ hind-limb preparation of a cat 
causes contraction and increases the rate of glycolysis, but there are no 
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statistically-significant changes in the concentrations of the adenine nucleo- 
tides.'®-1°-32 Moreover, the rate of glycolysis in the flight muscle of the 
blowfly is increased about 100-fold by the initiation of flight, but the increase 
in [AMP] is only 2-5-fold.!5:?5 It is very doubtful whether a 2-5-fold increase 
in concentration of the regulator is sufficient to produce an increase in 
enzyme activity of more than 100-fold through a mechanism based on 
equilibrium binding (see Chapter 2, Section F.2). These observations have 
cast doubt on the simple adenine nucleotide theory of control and have 
led to alternative proposals, two of which are considered below. 


(b) Ca?* and the control of glycolysis 

It has been suggested that the intracellular mechanism for controlling the 
process of muscular contraction may also be involved in the control of glyco- 
lysis at the enzymatic levels of PFK, phosphorylase and possibly HK. The 
control of glycolysis by adenine nucleotides may be generally described as 
‘control in series’, whereas this alternative mechanism may be termed 
‘control in parallel’ (see Figure 3.11). The sarcoplasmic concentration of Ca?* 


1. CONTROL IN SERIES 


Changes in — Increased glycolysis 


Nervous excitation Contraction— adenine nucleotides 


2. CONTROL IN PARALLEL 


UE n Ca?* Y 
Nervous SE IM 
Increased glycolysis 


Figure 3.11. Control of glycolysis in muscle 


provides the link between nervous excitation (electrical stimulation) and 
contraction: excitation promotes a release of Ca?* from the sarcoplasmic 
reticulum and the concentration of Ca?* in the sarcoplasm increases over 
the approximate range 1078-1076 M. This is sufficient to activate the 
myofibrillar ATPase and initiate contraction. Relaxation is brought about 
by theuptake of Ca? * by thesarcoplasmic reticulum so that its concentration 
in the sarcoplasm is reduced to about 1078 M. Thus for the ‘control in 
parallel’ mechanism to operate, the activities of hexokinase, PFK and 
phosphorylase should be modified by Ca?* in the concentration range 
1073-1075 M. 

In fact, the activity of phosphorylase is stimulated by Ca?* in this con- 
centration range, although it is an indirect stimulation operating through an 
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enzymatic interconversion. (Details of this mechanism are given in the next 
chapter where the regulation of Ca?* distribution within the muscle is 
discussed.) However, Ca?* in the concentration range 1079—1075 M has no 
effect upon HK and PFK activities nor upon their regulatory properties.?? 
Therefore it is unlikely that physiological changes in Ca? * concentration can 
influence the activities of these enzymes in situ. Higher concentrations of 
Ca?* (107? M) have been found to inhibit PFK and HK and this observation 
has led to the suggestion that these enzymes might be localized within the 
sarcoplasmic reticulum where the concentration of Ca?* would be about 
107? M at rest. During contraction when the concentration of reticulum 
Ca?* must fall, HK and РЕК would be activated.?^ The only evidence in 
support ofthis theory ofthe localization of PFK is that during centrifugation 
of frog skeletal muscle extracts some of the PFK sediments with the sarco- 
plasmic reticulum. Such experiments do not prove that PFK is localized 
within the reticulum in the intact muscle: an alternative explanation is that 
PFK in crude muscle extracts polymerizes to produce large aggregates 
which co-sediment with the reticulum fraction. Furthermore, in a compara- 
tive study it has been shown that, although the Ca?* inhibition of these 
enzymes is common to all types of muscle tested, the distribution of the 
enzymes between mitochondria, reticulum and sarcoplasm is variable. 
The hypothesis that these enzymes are located in the reticulum so that they 
can be regulated by high concentrations of Ca?* would predict a fairly 
constant pattern of intracellular distribution of the enzymes in different 
muscles. 


(c) Substrate cycling at the level of phosphofructokinase and fructose diphos- 
phatase 


The enzyme, fructose-1,6-diphosphatase (FDPase) catalyses the following 
reaction, 


Fructose-1,6-diphosphate — Fructose-6-phosphate + P; 


This enzyme has long been known to be present in liver where its function 
in the gluconeogenic pathway is to bypass the energy barrier of the PFK 
reaction (see Chapter 6). However, FDPase is also present in muscle, where 
there is no indication that quantitatively significant rates of gluconeo- 
genesis can occur. Significant activities of FDPase are found in white skeletal 
muscle of vertebrates and in certain insect flight muscles. However, they are 
not detectable in heart muscle, smooth muscle, some vertebrate red muscles 
and some insect flight muscles. 

The properties of FDPase which are relevant to its proposed role in 
regulation are as follows: it has a low K,, for its substrate, FDP (about 1 им); 
it is inhibited by АМР; and, when the enzyme is detected in muscle, it has a 
maximal activity between 2 and 10 % of that of the maximal activity of PFK 35 
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These properties provide a basis for an extension of the theory of control of 
PFK by adenine nucleotides. It is proposed that, when the muscle is at rest 
and the rate of glycolysis is low, PFK is not maximally inhibited but retains 
a considerable residual activity which is ‘opposed’ by the activity of FDPase. 
Both enzymes are considered to be simultaneously active (in resting muscle) 
so that a substrate cycle between fructose-6-phosphate and fructose-1,6- 
diphosphate is catalysed, with the continual hydrolysis of ATP (Figure 3.12). 


ATP ADP 
PFK 
— F-6-P FDP—- 
FDPose 
Р; 


Figure 3.12. The PFK/FDPase substrate 
cycle. F-6-P represents fructose 6-phosphate ; 
FDP represents fructose diphosphate 


In this case the advantage of such a cycle is that it provides a threshold 
response of fructose-6-phosphate phosphorylation to changes in the AMP 
concentration, in addition to an increase in the sensitivity of the response of 
fructose-6-phosphate phosphorylation to changes in [AMP] (see Table 3.8 
and Figure 3.13). Such a cycle is necessary in these muscles in order to 
improve the response between the rate of fructose-6-phosphate phosphoryla- 
tion and changes in the concentration of AMP. Such an increase in efficiency 
of regulation is necessary in some muscles for at least two reasons. First, the 
adenine nucleotide control theory proposes that small changes in the 
concentration of ATP cause larger percentage changes in the concentration 
of AMP, through the adenylate kinase reaction. Although amplification is 
produced, it is pre-set and cannot be increased (see Section D.2(b)). This 
amplification mechanism is different from the type that occurs in electronic 
circuitry, in which the degree of amplification can be increased with the ‘gain 
control’. The amplification provided by adenylate kinase is analogous to a 
‘lever system’, in which a small change near the fulcrum is magnified progres- 
sively as the distance from the fulcrum is increased. Second, vertebrate white 
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Table 3.8. Theoretical effects of changes in the AMP concentration on the activities of 
PFK and FDPase, and on the net rate of fructose-6-phosphate phosphorylation 
(assuming that РЕК and FDPase catalyse a substrate cycle) 


Fractional Net F-6-P 
Concentration of saturation of phosphoryla- 
AMP (arbitrary enzyme with РЕК activity FDPase activity tion (i.e. 
units) AMP (тах = 100) (тах = 10) PFK-FDPase) 
00 0:000 00 10-0 00 
1-0 0:010 10 9.9 00 
20 0-050 50 9.5 0.0 
2.5 0-093 9.3 9-1 02 
30 0-150 15-0 85 65 
40 0:310 310 69 241 
50 0-470 47.0 53 417 
60 0-600 60-0 40 560 
80 0-770 770 23 747 
12.0 0-890 89.0 11 879 
18-0 0-940 94-0 06 93-4 
200 0-950 95.0 05 94.5 


PFK activity is increased and that of FDPase is decreased by AMP. It is assumed that the 
maximum activity of PFK is 100 units whereas that of FDPase is 10 units. Also, at an AMP 
concentration approaching zero, PFK is completely inhibited and FDPase is maximally active. 
The fractional saturation of the enzyme with AMP is calculated from the model of Monod, 
Wyman and Changeux (see Table 2.1). 

In the absence of a substrate cycle, the activity of PFK is reduced to a level approaching zero 
only when the AMP concentration approaches zero. However, in the presence of a substrate 
cycle the rate of fructose-6-phosphate phosphorylation can be reduced to zero at a concentration 
of AMP thatis slightly lower than 2-5 arbitrary units. Under these conditions the rate of fructose- 
6-phosphate phosphorylation can be increased from 0-2% to almost 90% of the maximum 
(about 440-fold increase) by only a five-fold increase in AMP (2-5'to 12-0 units). 


skeletal muscles and insect flight muscles may remain inactive for long 
periods while the animal is at rest, but occasionally the muscles will be 
maximally active. The rate of energy utilization will vary widely between 
these two extremes. Consequently the rate of fructose-6-phosphate phos- 
phorylation cannot be regulated adequately by changes in AMP concentra- 
tion without the amplification provided by a substrate cycle. 

At present there is no direct evidence to support the theory of cycling at 
the PFK-FDPase level. However, this is the only plausible theory which 
explains the presence of FDPase in muscle. Furthermore, it explains the 
surprising fact that this enzyme is found in extremely anaerobic muscles 
(such as the pectoral muscles of game-birds) and in extremely aerobic muscles 
(such as insect flight muscles). It also accounts for the absence of FDPase in 
smooth and tonic muscles which are always mechanically active (for example 
heart) and in which variations in energy demand are never very large. 
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lap PFK 


FDP (arbitrary units) 


Net flux F-6-P 
ES 


Net F6P 
phosphorylation 


о 1 2 3 
Concentration of AMP (arbitrary units) 
Figure 3.13. Effect of AMP on the activity of phosphofructokinase and on 


the net rate of fructose-6-phosphate phosphorylation assuming the existence 
ofa substrate cycle between fructose-6-phosphate and fructose diphosphate 


Finally, this cycling hypothesis may explain why changes in AMP content 
have not been observed in skeletal muscle upon electrical stimulation." 
The cycle provides a regulatory enzyme system which is extremely sensitive 
to changes in the concentration of AMP. The present techniques for assaying 
AMP are so imprecise that experimental variations (as well as biological 
variations) could be greater than the actual changes in AMP concentration 
that influence this regulatory system (see Table 3.8) see page 137. 


5. The regulation of glycolysis by the oxidation of pyruvate, ketone bodies or 

fatty acids 

The rate of glucose uptake and glycolysis in the perfused isolated rat heart 
and in the isolated rat diaphragm are markedly decreased by the presence 
of pyruvate, ketone bodies or fatty acids in the perfusion (or incubation) 
medium (Table 3.9),5!+36 There is now extremely strong evidence to indicate 
that the inhibition of glycolysis is dependent upon the oxidation of these 
compounds by the muscle. The decreased rate of glycolysis is associated 
with an increase in the levels of glucose-6-phosphate and fructose-6-phos- 
phate, and in the perfused heart (when insulin is present) the intracellular 


125 


CARBOHYDRATE METABOLISM IN MUSCLE 


os‘Le'sg'ş ro SIuaumiodxo aq) 2104 SMOY pz 
unsur oq YIM pojoefur әзәм ѕүештие onoqvrp-uexo|[y "штраш uorsnjiad IY} 01 ореш злом [qV] oq) ur pareorput suonrppe [IV "AQL oq ur poreorput 51 
ролошол әләм 51199 ƏY} YOIYA шозу eure OY} jo uonrpuoo IYL ‘шупш pue әзооп{8 Jo oouaso1d оца ur зә\пшш бу 10 сү 10J pasnyiod әләм SVIH 


= == = 0007 ooz 008 єє (WU сг) г1ејеоеолоп 4 їешшом 
= == = Ort £8 08€ T9 auoN SINO Op 10} роллејб 
unsur IM ројеол 
y У = 7E OET OL Orc vL 9uoN oneqerp-uexopy 
tro 89 06 oes £8 08€ os 9uoN onoqerp-uexo[y 
190 oe ooz 009 L8 095 ос (yu s-s) 
a1e1K1nqAxo1PAH-f 
LO 87 оте 06t 16 [22 TE (Nu p) этет 
60 6c 05 00L OL 06€ 9r (Nu 67-0) oveuqeq 
100 L9 OT Occ £9 06c vL зиом тешшом 
yoo VOD VODY INO әјеціѕоца ојецазоца (14/8/ошт) штрош вјешти jo 
јуод-Илооу -9-98010п1 4 -9-овоопјгу xng uorsnyred 0} suonippy ѕиоціриоо 
oney (зм qso1j 3/[ouru) yeay posnjred ur 1u21007) onÁ[ooAqo 


HEQ јел posnj1od рәје[оѕт ay) ur зојетрошлојш 19U10 pue ajeno 
Jo sjuojuoo ay) pue xnj onA[ooA[8 uo ојејаоволопу рие попелтезз 'sajeqerp џехојје 'sorpoq 2uoj2y 'sproe AH] Jo S022 UL *6'€ AQEL 


126 REGULATION IN METABOLISM 


content of glucose is also increased (Table 3.9). These experimental findings 
indicate that HK and PFK are regulated by the oxidation of fatty acids or 
ketone bodies. There is also evidence that the membrane transport of glucose 
can be inhibited by the oxidation of these compounds. However, inhibition 
of glucose transport can be completely overcome by the presence of a high 
concentration of insulin? whereas the inhibition of HK and РЕК cannot.“ 
Nothing is known about the molecular mechanism of transport or its 
regulation. Therefore this process cannot enter into the following discussion, 
despite the fact that the regulation of glucose transport is physiologically 
important. 

In the experiments with the perfused rat heart and isolated diaphragm 
preparations, the simultaneous provision of glucose and an alternative fuel 
(such as fatty acids) did not lead to any changes in the contents of the adenine 
nucleotides. Therefore, a re-investigation of the properties of PFK was 
necessary in order to try to explain the inhibition of the enzyme under these 
conditions. Accordingly, it was found that physiological concentrations of 
citrate caused specific inhibition of PFK in vitro provided that the enzyme 
was already inhibited by ATP—that is, citrate potentiates the inhibition by 
ATP (Figure 3.14). This isa very specific effect of citrate which is not observed 
with comparable concentrations of other TCA cycle intermediates, or the 
citrate analogue, tricarballylic acid. 


CH,COOH CH,COOH 
CHCOOH HOC - COOH 
CH COOH CH, COOH 


Tricarballylic acid Citric acid 


Citrate’ 


Phosphofructokinase activity 


ATP concentration 


Figure 3.14. Effect of ATP on the activity of phospho- 
fructokinase in the presence and absence of citrate 
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On the basis of this finding, a theory was proposed that the oxidation of 
pyruvate, ketone bodies or fatty acids elevates the concentration of citrate in 
the muscle and that this causes inhibition of PFK. The resultant increase in 
the concentration of glucose-6-phosphate inhibits HK (Figure 3.15). 


Glucose 


CELL MEMBRANE 


Glucose == 6-6-Р === БубрР ВОР туа A Pyruvate 
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\ / 
TCA CYCLE Oxaloacetate d 


Fatty acyl-CoA 


Figure 3.15. Control of glycolysis and pyruvate oxidation in muscle 
by citrate and acetyl-CoA 


This theory was tested by measuring the content of citrate in the muscle :37 
in the perfused heart, it was elevated about four-fold by the oxidation of these 
compounds (Table 3.9). However, the results of such experiments are only 
consistent with the theory and do not prove it. One specific problem is that 
citrate is produced within the mitochondrion and must traverse the mito- 
chondrial membrane in order to inhibit PFK. The translocation of ionic 
compounds (including citrate) across the mitochondrial membrane has been 
clearly demonstrated in liver mitochondria??? and a specific transportation 
system for citrate has also been identified in heart muscle mitochondria.?? 

There is a substantial amount of indirect evidence which supports the 
theory of the control of PFK by citrate. 


(a) The effects of fatty acids on glycolysis are not observed if the process 
of electron transport is inhibited by respiratory poisons (such as cyanide). 
Under these conditions the rates of glucose uptake and glycolysis and the 
contents of hexose phosphates are unaffected by the presence of fatty acids, 
etc. * This suggests that the mere presence of fatty acids per se does not 
cause inhibition of PFK. 

(b) Perfusion of the isolated rat heart with fluoroacetate causes inhibition 
of glucose uptake, decreased glycolysis and an accumulation of hexose 
monophosphates.*? These effects may all be explained by the increase in 
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content of citrate that occurs in the perfused heart upon the administration 
of fluoroacetaté. Upon entering the cells, fluoroacetate is activated to 
fluoroacetyl-CoA and then converted to fluorocitrate by the enzyme, citrate 
synthase. 

CoA:ATP AMP oxaloacetate 


F-acetyl-CoA 


Fluorocitrate is a competitive inhibitor of aconitase and therefore it causes 
an accumulation of citrate. Thus, the effects of fluoroacetate administration 
upon glycolysis and PFK are predicted by the citrate control theory. 

(c) In a series of elegant experiments, Randle and coworkers have studied 
changes in metabolite concentrations that occur after the system has been 
perturbed but before the new steady-state situation has been attained : such 
changes are known as ‘transients’, The contents of acetyl-CoA, citrate and 
glucose-6-phosphate in the perfused heart were measured after switching 
from perfusion with glucose to perfusion with glucose plus either B-hydroxy- 
butyrate or acetate. Although the acetyl-CoA content reached the new 


F-acetate thiokinase citrate synthase F-citrate 


Table 3.10. Changes in the contents of ATP, acetyl-CoA, citrate and glucose-6- 
phosphate and in the rate of glucose phosphorylation in the perfused heart after 
switching from glucose to glucose plus acetate in the perfusion medium 


Contents of intermediates in perfused heart 


(nmol/g fresh wt.) 
Time after 
switching to Rate of glucose 
acetate + phosphoryla- 
glucose tion 

perfusion Glucose-6- (nmol/min/g 
(minutes) ATP Acetyl-CoA Citrate phosphate fresh wt.) 

0:0 5,250 5 12 325 1,625 

0-5 — 67 25 — — 

10 5,000 65 30 380 T 

20 4,500 45 42 387 1,325 

40 5,000 47 55 432 = 

60 5,250 — 77 412 1,075 

8.0 = 40 70 420 950 


Hearts were perfused for 5 minutes with a medium containing glucose alone and then switched 
to a perfusion medium containing glucose plus acetate (5 mM). For assay of metabolic inter- 
mediates the hearts were freeze-clamped at various times after switching to glucose plus acetate 
perfusion. Glucose phosphorylation was measured as glucose disappearance from the medium 
minus any accumulation of intracellular glucose. The content of ATP decreases slightly after 
2 minutes of perfusion and then remains constant. The content of acetyl-CoA increases to a 
maximum within 30 seconds of switching to acetate, whereas the changes in contents of citrate 
and glucose-6-phosphate and the decrease in glucose phosphorylation attain maximal or 
minimal levels in about 8 minutes.*'-^? 
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steady-state level in about 1 minute, citrate required approximately 10 
minutes*’ (Table 3.10). There was a similar delay in the maximum accumu- 
lation of glucose-6-phosphate and in the reduction of the rate of glucose 
phosphorylation.*? Thus, there is the same temporal response between the 
concentration changes of citrate and glucose-6-phosphate and the rate of 
phosphorylation of glucose. 

(d) A perfused heart from an alloxan-diabetic rat* has a severely depressed 
rate of glucose uptake and glycolysis even in the presence of high perfusate 
concentrations of glucose and insulin. This can be attributed to inhibition of 
PFK by citrate. The citrate content is increased by the oxidation of fatty acid 
derived from endogenous triglyceride. The compound «-bromostearate is 
known to inhibit fatty acid oxidation, and addition of this compound to the 
perfusion medium of hearts from diabetic rats causes glucose uptake and 
glycolysis to increase to the rates observed in perfused hearts from normal 
rats.*? Furthermore, the contents of intracellular glucose, hexose mono- 
phosphates, fructose-1,6-diphosphate and citrate are all returned to the 
normal range (Table 3.11). Since the contents of the adenine nucleotides 


Table 3.11. Effect of bromostearate on the glycolytic rate and contents of metabolic 
intermediates in the isolated perfused rat heart from alloxan-diabetic animals 


Hearts from alloxan-diabetic 


rats Hearts from 
1.0 mM- normal control 
Measured parameter No addition — bromostearate animals 
Rates in umol/g fresh weight of 
ventricle/hour 

glucose uptake 35 81 79 
glycolysis 35 81 79 
glucose oxidation 13 48 56 
Contents of metabolic intermediates 
intracellular glucose (mM) 1-61 1-11 0.87 
glucose-6-phosphate 

(nmol/g fresh wt of ventricle) 762 420 415 
fructose-6-phosphate 232 152 = 
citrate 712 180 245 
ATP 4,525 4,800 4,775 
ADP 850 825 — 
AMP 225 200 — 


Animals were made alloxan-diabetic as described in the text. Hearts were pre-perfused for 
10 minutes with medium containing either 2% albumin (controls) or 2% albumin plus 1 mM 
2-bromostearate (together with glucose and insulin) and they were perfused for a further 10 
or 20 minutes with medium containing glucose and insulin alone.“ 


* The fi-cells of the pancreas are damaged by alloxan injection and within 48 hours the animal 
becomes severely diabetic. 
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remain unchanged, the effects of a-bromostearate are not those of a general 
respiratory inhibitor. However, they are precisely those effects which are 
predicted by the theory of the regulation of glycolysis by citrate. 


Physiological importance of the control of glycolysis in muscle by fatty acids 


Experiments performed in vitro on the isolated perfused heart and dia- 
phragm preparations have demonstrated that fatty acid oxidation can cause 
inhibition of glycolysis. A detailed biochemical mechanism of the control of 
this process has been established (see above). Is this effect of fatty acids likely 
to be of any physiological importance to the animal? 

The importance of plasma fatty acids as a fuel of respiration in various 
physiological conditions, the evidence for their concentration-dependent 
oxidation and the mechanism of release of fatty acids by adipose tissue is 
discussed in detail in Chapter 5. On the basis of in vitro effects of fatty acids 
on the perfused heart and diaphragm preparations, there is no doubt that 
the oxidation of the available plasma fatty acids during conditions such as 
starvation could cause a substantial inhibition of glycolysis in muscle. The 
physiological importance of this inhibition is explained by the observation 
that even during prolonged starvation the concentration of blood glucose is 
decreased by only 20-25 %. Therefore both glucose and fatty acids are present 
in the blood simultaneously during starvation. The blood glucose level must 
not fall unduly since tissues such as the brain, nervous system and red blood 
cells have almost a continual requirement for glucose for energy production. 
In the fed animal the fatty acid concentration is low and the main fuel for 
oxidation is glucose but with the onset of starvation the fatty acid con- 
centration gradually increases so that both fuels become available. Under 
these conditions fatty acids are oxidized by muscle and their oxidation 
restricts glucose utilization by this tissue. Consequently glucose is conserved 
for the brain, etc. If these tissues did not require a constant supply of glucose, 
the concentration in the blood could fall to very low levels in starvation, and 
the inhibition of glycolysis by fatty acids would be unnecessary. 


6. Properties and regulation of pyruvate kinase 


The mass-action ratio data for pyruvate kinase indicate that this enzyme 
catalyses a reaction which is removed far from equilibrium. However, there 
have been very few detailed studies in which the content of the substrate, 
phosphoenolpyruvate, has been measured when the glycolytic flux is 
changed. In the blowfly the onset of flight, which increases glycolytic flux 
in the flight muscle about 100-fold, does not cause any marked change in 
the content of phosphoenolpyruvate.!5 A further problem is that the maxi- 
mum activity of pyruvate kinase in vitro is very high in comparison to that 
of PFK (see Table 3.3), so that the enzyme must be severely inhibited, 
particularly when the muscle is at rest. 
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Investigations into the properties of pyruvate kinase in vitro have so far 
not provided any illuminating information about a possible control mechan- 
ism. The only interesting property of the mammalian muscle enzyme is that 
it is inhibited by ATP with a K; of approximately 3-5 mM.* Such inhibition 
may be partially responsible for reduction of the enzyme activity in situ. The 
low level of phosphoenolpyruvate in the muscle (10-20 uM) in comparison 
to the K,, value for this substrate (100 uM) may also play a role in reduction 
of the activity in situ. However, changes in the concentrations of both ATP 
and phosphoenolpyruvate during mechanical activity are rather small and 
therefore they cannot be responsible for the marked increase in activity of 
this enzyme under these conditions. At the present time, details ofthe mechan- 
ism of control of pyruvate kinase are unknown and much more intensive 
work on this enzyme (and this particular area of metabolism) is necessary 
in order to provide information upon which a satisfactory control theory 
could be based. It must be emphasized that control of pyruvate kinase 
cannot regulate glucose uptake: inhibition of this enzyme could lead only 
to accumulation of the glycolytic intermediates between fructose diphosphate 
and phosphoenolpyruvate. 


7. Properties and theory of regulation of the pyruvate dehydrogenase complex 


Experiments with the isolated perfused rat heart and the isolated diaphragm 
preparation have shown that pyruvate oxidation is inhibited by the oxidation 
of fatty acids or ketone bodies.^? The first enzyme involved in the utilization 
of pyruvate is the pyruvate dehydrogenase enzyme complex which converts 
pyruvate into acetyl-CoA with the involvement of thiamine pyrophosphate, 
lipoic acid and the enzyme lipoate dehydrogenase. The activity of pyruvate 
dehydrogenase is inhibited by acetyl-CoA (competitively with CoA).^9 This 
property provides the basis for a theory of control of pyruvate dehydrogenase 
by fatty acids and ketone bodies: oxidation of these compounds increases 
the concentration ratio of acetyl-CoA to CoA. Evidence for this theory has 
been obtained from experiments with the isolated rat heart perfused with 
fatty acids or ketone bodies in which a marked increase in the ratio [acetyl- 
CoA]/[CoA] is observed (Table 3.9). Furthermore, the ratio is increased in 
hearts from alloxan diabetic animals which also show inhibited pyruvate 
oxidation upon perfusion.** 

Fatty acid oxidation raises the contents of acetyl-CoA and citrate and 
decreases the content of CoA. These changes regulate the enzymes PFK and 
pyruvate dehydrogenase: the regulation of PFK leads to changes in the con- 
centration of glucose-6-phosphate which in turn regulates HK. Thus, with 
the exception of pyruvate kinase the enzymes that catalyse non-equilibrium 
reactions between glucose and its entry into the TCA cycle are regulated 
by fatty acid oxidation. This obviously represents a concerted mechanism 
of control not only of the glycolytic flux but also of the steady-state 
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concentrations of the glycolytic intermediates. The maintenance of the 
concentrations of these intermediates is important because they are often 
precursors for other reactions (for example, glycerol-1-phosphate for the 
glycerol phosphate cycle or for triglyceride synthesis). Also some glycolytic 
intermediates are reactants in a number of equilibria that involve important 
cofactors (for example, ADP and ATP at the phosphoglycerate kinase 
reaction; NAD* and NADH at the lactate dehydrogenase reaction). 

Recent work has shown that pyruvate dehydrogenase may exist in two 
enzymatically interconvertible forms, one of which is catalytically active 
and the other inactive.“ The interconverting enzymes appear to be a 
phosphokinase and a phosphatase, although they have not been purified. 
Phosphorylation of pyruvate dehydrogenase leads to inactivation, whereas 
dephosphorylation produces the active form. The interconversions are 
somewhat similar to those of UDPG-glucosyltransferase, which are discussed 
in detail in Chapter 4. Although the control mechanisms of these interconvert- 
ing enzymes are not yet known, one possibility is that phosphorylation of 
pyruvate dehydrogenase is stimulated by a high-energy state of the mito- 
chondria, so that when the [ATP]/[ADP] ratio reaches a certain level, the 
rate of acetyl-CoA formation from pyruvate is severely inhibited. Enzymatic 
interconversions provide increased sensitivity in a control system over that 
provided by equilibrium-binding of a regulator to an enzyme (see Chapter 2, 
Section F.2.a(ii)). A sensitive control mechanism might be required for 
pyruvate dehydrogenase because it depends upon feedback information of 
the [ATP]/[ADP] ratio within the mitochondria and variations in this ratio 
are severely restricted because of the need to maintain the efficiency of 
energy transfer. 

Thus, there appear to be at least two quite distinct methods of regulation 
of pyruvate dehydrogenase; enzymatically interconvertible forms and the 
equilibrium binding of acetyl-CoA. At the present time it is not known if 
these two mechanisms are related. It is tempting to speculate that the phos- 
phorylated form (inactive) is very sensitive to the [acetyl-CoA]/[CoA] ratio, 
so that it is active only if CoA is high and acetyl-CoA is low: the non-phos- 
phorylated form would be much less sensitive to this ratio. This combined 
mechanism would provide a simple cellular control of enzyme activity 
based on changes in the concentrations of acetyl-CoA and CoA, and a more 
sophisticated and sensitive control dependent upon changes in the energy 
status of the mitochondrion. Such a mechanism would provide another 
example of flexibility in biological control. 


E. CONTROL OF THE TRICARBOXYLIC ACID CYCLE 
1. Identification of regulatory enzymes 


One of the major problems in the formulation of control theories for the 
TCA cycle is the identification of regulatory enzymes. It is even difficult to 
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ascertain which reactions are non-equilibrium. It is possible to calculate 
mass-action ratios for many of the reactions but the interpretation of such 
data is difficult. Most of the intermediates of the cycle are present both 
inside and outside the mitochondria and the mass-action ratio data includes 
both compartments. However, the reactions of the TCA cycle occur within 
the mitochondria so that only the mitochondrial concentrations should be 
considered. Since the proportional distribution of metabolites (for example, 
citrate, acetyl-CoA, CoA, oxaloacetate) between the mitochondria and 
cytoplasm is not known, meaningful mass-action ratios cannot be calculated. 
Since the initial reactions of the TCA cycle are involved in the control of 
the citrate concentration, and since little is known about the control of the 
later stages, this discussion will centre upon the regulation of the activities 
of citrate synthase and isocitrate dehydrogenase. (It is generally assumed 
that aconitase catalyses a reaction which is close to equilibrium, despite the 
problems associated with the interpretation of mass-action ratio data.) 
There are two enzymes which catalyse the oxidative decarboxylation of 
isocitrate, NAD*-linked isocitrate dehydrogenase (NAD*-ICDH) and 
NADP*-linked isocitrate dehydrogenase (NADP*-ICDH), and their 
presence also complicates the interpretation of experimental data. 
Somewhat surprisingly, little work has been done on the measurement of 
maximal activities of the TCA cycle enzymes. A comparative study of the 
activities of citrate synthase, NAD*-ICDH and NADP*-ICDH in muscle 
has recently been carried out and some of the results are included in Table 
3.12.5? In most cases the activity of citrate synthase is about five times 
greater than that of NAD*-ICDH. In insect flight muscle the activity of 
the NAD*-ICDH is usually much greater than that of the NADP*-linked 
enzyme so that even the combined activities of ICDH are much less than 
that of citrate synthase. Moreover an estimate of the maximum capacity 
of the TCA cycle in some insect flight muscles can be obtained from the 
oxygen uptake measured during flight and it is clear from these data that 
the activity of NAD*-ICDH is only slightly greater than that predicted 
from the maximum oxygen uptake (see Table 3.12). This suggests that, at 
least in insect flight muscles, isocitrate dehydrogenase catalyses a non- 
equilibrium reaction whereas citrate synthase catalyses an equilibrium 
reaction. In vertebrates, the situation is complicated by the fact that in any 
given muscle the activity of NADP*-ICDH is usually much higher than 
that of the NAD*-linked enzyme and the combined activities of the two 
enzymes may be similar to that of citrate synthase. Furthermore, previous 
work had indicated that only the NAD*-linked isocitrate dehydrogenase 
was involved in the TCA cycle whereas the recent comparative study suggests 
that both ICDH enzymes are involved. Thus the NAD*-ICDH activity 
alone is not sufficient to account for the flux through the TCA cycle as 
estimated from the oxygen-consumption data in the flying pigeon and the 
swimming trout (see Table 3.12). If the NADP*-ICDH is involved in the 
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operation of the TCA cycle in these muscles, the total activity (NAD*- 
ICDH + NADP*-ICDH), which is greater than the predicted TCA cycle 
flux, would imply that the reaction is close to equilibrium. If this is so, there 
remains the question of why the vertebrate muscle requires both enzymes, 
or indeed why the vertebrate and insect muscles should be so different. 

An alternative approach to the identification of non-equilibrium reactions 
in the TCA cycle has been adopted by Randle and colleagues. These 
workers administered pulses of !^C-acetate to isolated perfused rat hearts 
and at various times after the pulse-addition the hearts were freeze-clamped. 
Acetyl-CoA, citrate and other TCA-cycle intermediates were isolated and 
their specific radioactivities measured. It was found that even 60 minutes 
after the administration of the pulses of '*C-acetate, the specific activity of 
the citrate remained below that of the acetyl-CoA. Since the two pools had 
obviously not equilibrated, it was concluded that citrate synthase in the 
rat heart catalyses a reaction which is far from equilibrium. Perfusions 
were also performed with '^C-HCO; and the incorporation of the label 
into isocitrate was followed. The results confirmed those of the !*C-acetate 
experiment and also indicated that the reverse reaction of isocitrate dehydro- 
genase (reductive carboxylation of a-ketoglutarate) occurred at 46 % of the 
rate of the forward reaction (oxidative decarboxylation of isocitrate) In 
other words, the isocitrate dehydrogenase reaction is close to equilibrium 
in rat heart. This conclusion rests upon the assumption, implicit in the com- 
puter calculations of Randle et al., that there is one single pool of citrate and 
isocitrate in the cell (that is, they assumed that mitochondrial citrate and 
isocitrate readily exchange with cytoplasmic citrate and isocitrate, or that the 
cytoplasmic pools are negligible). If this conclusion is valid, the question is, 
do both of the isocitrate dehydrogenases catalyse reversible reactions? 
Certainly the NADP*-ICDH readily catalyses a reversible reaction in vitro, 
However, all attempts to demonstrate reversibility of the NAD* -linked 
enzyme have failed." This failure may be due to an inadequacy of the in 
vitro system. For example, if the K,, of the NAD*-ICDH for CO, is much 
higher than that of the NADP+ -linked enzyme, the concentration of dissolved 
CO, in the reaction mixture may be well below the Km: the reverse reaction 
would be limited simply by substrate availability. 

In summary, the evidence from the perfused rat heart suggests that 
citrate synthase catalyses a non-equilibrium reaction and that the isocitrate 
dehydrogenase reaction is close to equilibrium. In contrast, enzyme activity 
data from insect flight muscle suggests that, in this tissue, citrate synthase 
catalyses a reaction close to equilibrium, whereas the isocitrate dehydrogenase 
reaction is non-equilibrium. 

There have been few studies in which changes in the contents of TCA 
cycle intermediates have been followed when the flux rate through the cycle 
is changed. Only the perfused rat heart has been used in this type of study 
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and in this case the results did not indicate any regulatory enzymes (according 
to the second definition given in Chapter 1)." In other words it is not 
possible to conclude from these experiments that the TCA cycle is controlled 
by anything other than the concentration of acetyl-CoA. 


2. Properties of citrate synthase and isocitrate dehydrogenase and theory of 
control 


Any regulatory properties of citrate synthase and NAD*-ICDH will only 
be of physiological relevance if these enzymes catalyse non-equilibrium 
reactions. The difficulties in the identification of ‘non-equilibrium’ enzymes 
and the possible species variations have been outlined above. 

Citrate synthase is inhibited by ATP in vitro and this property might 
Suggest that the TCA cycle is controlled by the energy status of the mito- 
chondrion. However, in muscle tissue the variation in ATP content is very 
small and this casts doubt upon the physiological importance of the ATP 
inhibition. Citrate synthase is located within the mitochondrion and, if the 
total mitochondrial content of adenine nucleotides is low in comparison 
with the cytoplasm, large changes in the mitochondrial concentrations of 
ATP and ADP may occur without producing any marked changes in their 
total cellular content. This difficulty may only be resolved when the mito- 
саат and cytoplasmic contents of metabolites can be measured inde- 
pendently. 

The work of Randle and colleagues?! has indicated that the activity of 
heart muscle citrate synthase may be regulated by the concentration of its 
pathway substrate, acetyl-CoA. The available data on the content of this 
substrate imply that it is present at well below saturating concentrations 
for citrate synthase: Furthermore, when the flux through the TCA cycle is 
increased by acetate perfusion (a 67% increase in flux rate), the contents of 
acetyl-CoA, citrate, isocitrate and a-ketoglutarate are all increased consider- 
ably. Therefore the activation of the acetate by acetate thiokinase could be 
responsible for ‘the increased content of acetyl-CoA and hence for the 
Stimulation of citrate synthase by increased substrate availability.* If it is 
assumed that ICDH catalyses a reversible reaction in the heart, the increase 
in concentration of its pathway substrate, isocitrate, automatically results 
in increased oxidation to a-k 

The properties of the NAD*-linked ICDH provided the basis for earlier 
theories on the control of the TCA cycle. Thus, in vitro experiments show that 


* A similar mechanism could be responsible for the increased contents of acet -CoA and, 
citrate when substrates such as fatty acids and ketone bodies are oxidized by the hesa aod seek 
increases are important because they cause inhibition of pyruvate dehydrogenase and PFK. 
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myofibrillar ATPase during muscle contraction might be expected to 
increase the concentration of ADP). This theory has similar problems to 
that of the ATP control of citrate synthase described above. 

It has been shown comparatively recently that calcium ions inhibit 
NAD*-ICDH but that the inhibition is removed when the concentration 
of Ca?* is decreased below 1077 M.** Mitochondria are capable of concen- 
trating Ca?* ions to sufficiently high levels to inhibit NAD*-ICDH. It has 
been suggested that the mitochondria release Ca?* ions during muscle 
contraction and in this respect supplement the role of the sarcoplasmic 
reticulum.” However, nothing is known of the control of the release of Ca? * 
by the mitochondria, neither is it known whether the intramitochondrial 
concentration of Ca?* falls sufficiently (i.e. < 1077 M) to de-inhibit NAD*- 
ICDH. Nonetheless, the facts that the enzyme activity can be modified by 
such low concentrations of Ca?*, that the effects of Ca** and ADP on the 
enzyme are independent and that the NADP* -linked ICDH is not affected 
by either Ca?” or ADP suggest that these properties might be significant 
in the regulation of the TCA cycle. 

Obviously it is not possible at present to propose a simple theory of regula- 
tion of the early stages of the TCA cycle that is consistent with the experi- 
mental data and that is physiologically satisfactory. A problem of investigat- 
ing the TCA cycle is that it occurs at what may be described as the centre of 
metabolism. Therefore perturbation of the cycle is difficult to achieve and 
changes in the contents of intermediates are difficult to interpret. The authors 
consider that the most fruitful investigations into the control of the TCA 
cycle will be those upon insect flight muscle. Initiation of flight in the insect 
will increase the turnover rate of the TCA cycle enormously and changes in 
the contents of intermediates of the cycle and related pathways may provide 
an experimental basis for testing the various theories. 


fin 1973 direct evidence was obtained for the existence of substrate-cycles between 
fructose-6-phosphate and fructose diphosphate in bumble bee flight muscle (Clark, M. G.. 
Bloxham, D. P., Holland, Р. О. and Lardy, Н. A. (1973) Biochemical Journal 134, 589) and 
in pig muscle (Clark, M. G., Williams, C. H., Pfeifer, W. F., Bloxham, D. P., Taylor, C. A 
and Lardy, H. A. (1973) Nature 245, 99) and for the existence of a cycle between glucose and 
glucose-6-phosphate in liver (Clark, D. G., Rognstad, R. and Katz, J. (1973) Biochem. Biophys. 
Res. Commun. 54, | 141). Sec for review, Newsholme, E. A., and Crabtree, B. (1976) Biochem. 
Soc. Symposium, 41, 61. 
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APPENDIX 3.1. CALCULATION OF ATP TURNOVER 
IN MUSCLE 


(a) Insect flight muscle 


In order to satisfy the large demand for energy required for insect flight, 
the rate of oxidative metabolism must be increased very markedly upon 
the transition from rest to flight. Since the ATP production in the flight 
muscles arises exclusively from aerobic metabolism, the increase in metabolic 
rate can be estimated from the change in oxygen consumption. The energy 
demands for other tissues are so small in comparison to the requirements 
of the flight muscle that they can be ignored. The maximum rate of oxygen 
uptake by the fly, Lucilia sericata, is 187 ml O;/hr/g ду, or approximately 
3,000 1 O;/min/g. If it is assumed that the weight of the flight muscles is 
about 20% of the body weight of the fly, this value becomes 670 што! 
O;/min/g muscle (assuming 1 umol occupies 22-4 ul). Assuming a P/O 
ratio of 3 (that is, for every atom of oxygen utilized by the electron transport 
chain, 3 molecules of ADP will be phosphorylated to ATP), 670 што! О, is 
equivalent to 4,020 umol of ATP produced every minute per gram of muscle, 
or approximately 66 umol/s/g muscle. Since the concentration of ATP in 
the muscle remains constant during flight, 66 што! must be hydrolized and 
rephosphorylated every second and the total amount of ATP in the muscle 
(approximately 7 umol/g) would support contraction for about 0-1 s (in the 
absence of any mechanism for the rephosphorylation of ADP). 


(b) Perfused isolated rat heart 

In the rat heart perfused aerobically, more than 90% of the energy is 
obtained from mitochondrial oxidative Phosphorylation. In this tissue the 
uptake of oxygen is 10 umol/min/g fresh weight, which is equivalent to 
0-17 umol/s/g or 1 umol ATP used per second per gram of muscle (assuming 
a P/O ratio of 3). The total ATP in the muscle (5 umol/g) would sustain 
contractions for no more than 5 seconds. 


(c) White vertebrate muscle 


In white vertebrate muscle (such as rabbit leg or pheasant pectoral muscle) 
the energy for contraction is supplied almost exclusively from anaerobic 
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glycolysis, the main substrate being endogenous glycogen. The maximal 
capacity for glycolysis in these muscles is assumed to be equivalent to the 
maximal activity of phosphorylase." In rabbit leg muscle the activity of this 
enzyme is about 100 umol/min/g muscle (at 37 °C) and, since 3 ATP molecules 
are produced (from ADP) for every glucose residue which is degraded 
anaerobically, this represents a maximum ATP turnover of 300 umol/min/g 
or 5 umol/s/g muscle. Thus the total ATP in the muscle would support 
contraction for about 1 second. 


APPENDIX 3.2 MASS-ACTION RATIO FOR THE 
ALDOLASE/TRIOSE PHOSPHATE ISOMERASE REACTION 


The equilibrium constant for the aldolase reaction is obtained from the 
concentration ratio [GAP] x [DHAP]/[FDP], where the concentrations of 
the GAP and DHAP are equal. However, in the cell the action of triose 
phosphate isomerase disturbs this situation so that the concentrations of 
these two triose phosphates are not identical. Furthermore, the equilibrium 
position of this reaction is 22:1 in favour of DHAP, and the intracellular 
content of GAP is too small to measure accurately. Therefore the mass- 
action ratio for the aldolase reaction has been calculated assuming that 
triose phosphate isomerase catalyses an equilibrium (see reference 17). The 
mass-action ratio is obtained as follows 


[triose phosphate]? x 22 
[fructose diphosphate] x 23? 


This is derived, from the assumption that triose phosphate isomerase cata- 
lyses on equilibrium, as follows. 


[ОНАР] = [triose phosphate] x 22/23 


[GAP] = [triose phosphate] x 1/23 


[DHAP] x [GAP] 


a [fructose diphosphate] 


Therefore 


... [triose phosphate]? x 22 
` [fructose diphosphate] x 23? 
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APPENDIX 3.3 MASS-ACTION RATIOS AND APPARENT 
EQUILIBRIUM CONSTANTS FOR THE GLYCERALDEHYDE- 
3-PHOSPHATE DEHYDROGENASE/PHOSPHOGLYCERATE 
KINASE REACTION 


Experimentally the determination of the content of 1,3-diphospho- 
glycerate in tissues is difficult because it is present only in very low con- 
centrations. Therefore it is convenient to combine the reactions producing 
and utilizing this compound (glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) and phosphoglycerate kinase (PGK)). The two apparent equili- 
brium constants are given by 
к. [1,3-diphosphoglycerate*~] x [NADH] х [Н+] 

АРОН — [glyceraldehyde-3-phosphate*-] x [HPO2-] х [МАР] 


[3-phosphoglycerate?~] x [ATP*~] 
[1,3-diphosphoglycerate^ ^] x [ADP?-] x [H+] 


, 
Кък = 


The combination of these two constants eliminates the 1,3-diphospho- 
glycerate: 


KGappu X Крок 
[3-phosphoglycerate?-] x [NADH] x [ATP*~] 
[glyceraldehyde-3-phosphate?-] x [NAD+] x [HPO2-] x [ADP] 


Although this overcomes the problem of measurement of 1,3-diphospho- 
glycerate the measurement of the combined mass-action ratio is still fraught 
with difficulties. The total P; content is unlikely to represent the free concen- 
tration of P; in the region of the enzymes, since much of the P, may be bound 
in the cell. The determination of total NADH and МАР“ contents is 
similarly misleading, since some of the pyridine nucleotides are both bound 
to protein and localized within the mitochondria. However, it is possible to 
estimate the cytoplasmic [NADH]/[NAD*] ratio indirectly by assuming 
that lactate dehydrogenase, which is located exclusively in the cytoplasm, 
catalyses a reaction close to equilibrium. If this is the case, the ratio, 
[pyruvate] x [NADH)]/[lactate] x [NAD+] will approximate to the measured 
equilibrium constant Kr, ie. 1-11 x 10711 (see reference 49). 


Ki = [pyruvate] x [NADH] x [H =] 
т [lactate] x [NAD*] 


However, at pH 7-0 the H* can be removed from consideration by dividing 

Kinu by 1077, that is 

_ [pyruvate] x [NADH] 
[lactate] x [NAD*] 


= 1-11 x 107" 


Крон = 1-11 x 10-*M 
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If the contents of lactate and pyruvate are measured, [NAD*]/[NADH] in 
the cytoplasm can be calculated from 


[NAD*] [pyruvate] ü 1 
[NADH] [lactate] Kinu 


Therefore the mass-action ratio for the combined GAPDH and PGK 
reaction is 
23 x [3-phosphoglycerate] x [ATP] x [lactate] x 1-11 x 1074 A 
[triose phosphate] x [P;] x [ADP] x [pyruvate] 


A further problem is the large error involved in the measurement of the 
extremely small amounts of G3P and 3PGA in the tissue. Obviously the 
measured mass-action ratio may not reflect the situation within the cell. 
There are also discrepancies in the calculated values for the equilibrium 
constants for each of the two reactions so that the product Kgapp X Кык 
may be anything from 180 to 1,500. Consequently, it is impossible to conclude 
whether or not the reactions catalysed by the GAPDH and PGK system 
are non-equilibrium and therefore a possible control point. Even if this 
question were answered, there would remain the problem of which of the 
two enzymes were non-equilibrium especially since the situation may vary 
from tissue to tissue. 


APPENDIX 3.4 GLUCOSE TRANSPORT IN MUSCLE 


There are at least two mechanisms by which glucose could enter a cell; 
by simple diffusion or by combination with a specific carrier localized 
within the membrane. Such a carrier may transport glucose along a concen- 
tration gradient by a process which is sometimes referred to as facilitated 
diffusion. If the carrier transported glucose against a concentration gradient, 
energy would be required and the process would be described as active 
transport. The available evidence indicates that glucose is transported across 
the membrane of many types of cells by a process of carrier-mediated diffusion 
which does not require energy, although active transport of glucose occurs 
from the lumen of the gut and during reabsorption into the kidney tubules. 
The evidence is summarized below (see also reference 13). 

(a) At low extracellular concentrations of glucose, the rate of transport 
is directly proportional to the concentration, but at high concentrations it 
approaches a maximum asymptotically. This type of saturation kinetics is 
predicted by a carrier-mediated mechanism. 

(b) The rate of entry of glucose is decreased by the presence of other 
transportable sugars (such as arabinose). 
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(c) There are large differences in the transportation rates of structurally 
similar sugars. In the extreme case, the D forms of hexoses and pentoses are 
transported, whereas the L forms are not. Such specificity is not exhibited by 
simple diffusion. 

(d) The transport process has a high О, о, i.e. the increase in the rate of 
entry with a 10°C rise in temperature is much higher than would be ex- 
pected for simple diffusion but is of the same order as the 0; 0 of enzymic 
catalysis. 

(e) In certain experimental situations it is possible to demonstrate the 
movement of a sugar against a concentration gradient (although ATP 
hydrolysis is not involved). This phenomenon can be explained on the basis 
of a carrier-mediated transport process. If an isolated heart is perfused with 
a medium containing a high concentration of arabinose, the concentration 
of arabinose inside the cell slowly increases. (Arabinose is not metabolized by 
the heart.) If glucose is then added to the perfusion medium, it is taken up 
by the heart and the intracellular concentration of arabinose progressively 
decreases: presumably it is being transported out of the cells against a 
concentration gradient. This can be explained on the basis of competition 
between the sugars for the carrier in the cell membrane: glucose competes 
with arabinose on the outside of the cell membrane but, since glucose is 
metabolized within the cell, the intracellular glucose concentration is much 
lower than the extracellular concentration. Therefore competition is less 
on the inner side of the membrane and there is net movement of arabinose 
out of the cell against a concentration gradient. This is sometimes termed 
‘counter current’ transport because it is dependent upon the movement of 
sugars in opposite directions. 


APPENDIX 3.5 THE MEASUREMENT OF THE 
CONCENTRATION OF INTRACELLULAR GLUCOSE 


A piece of tissue is incubated in a medium containing sorbitol and glucose. 
After a period of time (which is sufficient for extracellular equilibration of 
the sugars) the tissue is frozen and rapidly extracted with a deproteinization 
agent (such as HCIO,). The concentrations of glucose and sorbitol are 
measured in both the tissue extract and the incubation medium. These 
values and the details of the calculation of the intracellular glucose concen- 
tration are given below. 


Experimental measurements 


Sorbitol concentration in the incubation medium 0:05 g/ml 
Sorbitol concentration in the tissue 0-015 g/g tissue 
Glucose concentration in the incubation medium 0.05 g/ml 
Glucose concentration in the tissue 0-02 g/g tissue. 
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Calculations 
The tissue space is defined as the volume of the tissue in which the sugar 
is present at the same concentration as that in the medium, that is 


muscle content (g/100 g fresh weight) 


Ti 1/1 = 
ime space ton medium concentration (g/ml) 
Therefore р 
Sorbitol space = 0:050 x 100 (п1/100 р tissue) 
= 30 ml/100 g tissue 
0.02 
Glucose space — 005 x 100 
= 40 ml/100 р tissue. 


Intracellular glucose space = Total glucose space — 
extracellular (i.e. sorbitol) space 
= 40 — 30 
= 10 ml/100 g tissue 
This value is the volume of intracellular water in 100g of tissue that 
contains glucose at the same concentration as in the medium. The advantage 
of this method of expressing the intracellular concentration is that the 
calculation is a simple ratio of medium/tissue concentrations, so that the 
actual measurements of the concentration (for example, optical density 
units or counts per minute) can be used directly in the calculation. 
An estimate of the actual intracellular concentration (mg/ml) is obtained 
as follows. 


Intracellular concentration 
Intracellular glucose space (ml/100 g) x medium glucose concentration (g/ml) 
Total tissue water — extracellular space (711/100 р) 
(wet weight — dry weight) x 100 
wet weight 
If the total tissue water is assumed to be 80 ml/100 g, the intracellular glu- 
cose in the above example is calculated as follows: 


Intracellular gl rona DO 
ntracellular glucose concentration = 80 - 30 


The total tissue water (ml/100 р) = 


= 0.01 g/ml of intracellular water 
= 55mM 
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Thus the concentration of glucose in the intracellular water is 55 mM 
(assuming complete distribution) whereas the extracellular concentration is 
approximately 280mM. Thus the mass-action ratio would be 55/280 = 
approximately 0-2. Under these conditions transport is approaching 
equilibrium. The above values are fictitious. 
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CHAPTER 4 


REGULATION OF GLYCOGEN 
METABOLISM 


A. INTRODUCTION 


1. Pathways of synthesis and degradation 

Glycogen is a highly branched polysaccharide made up of D-glucose residues 
linked by a-1,4-glycosidic bonds to form long chains which are branched 
by the formation of 1,6-linkages: there are about 12 to 18 residues between 
branch points (Figure 4.1). Glycogen is similar to most polymers of this 


CH,OH CHOH CH,OH 
0 0 
а 1 1 4 4 
No OH o^ \OH о \OH 
OH OH HO | 1,6 branch point 
12 —18 residues between ^ 0 
branch points 
CHa 
CH;0H 
0 5 
a 1 a 1 
M^ NOH o^ NOH Que 
OH OH 


Figure 4.1. Diagram of the structure of glycogen 


type in that it has no unique molecular structure in terms of the number of 
glucose residues and their relative position within the molecule. The molecular 
weights of these molecules range from about 10° to 108. 

Thesynthesis of glycogen in the muscle cell begins with the phosphorylation 
of glucose to form glucose-6-phosphate. The phosphate group is transferred 
(by the action of Phosphoglucomutase) to carbon-1 and the glucose-1- 
phosphate formed is reacted with UTP to form uridine diphosphate-glucose 
(UDPG). The glucose residue is then transferred from the nucleotide onto 
the end of an uncompleted chain in the glycogen molecule (sometimes known 
as the glycogen primer) to increase the length of this chain by one glucose 
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residue: this reaction is catalysed by the enzyme UDPG-glucosyltransferase 
(or glycogen synthetase). The cleavage of the sugar-phosphate bond provides 
the driving force for the synthesis of the «-1,4-glycosidic bond. The pathway 
of glycogen synthesis from glucose is shown in Figure 4.2. 
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Figure 4.2. The pathway of glycogen synthesis 


As the chain length of the polymer is increased to between 12 and 18 
residues, the branching enzyme (a-1,4-glucan :a-1,4-glucan 6-glycosyl trans- 
ferase) is activated (possibly by substrate availability, that is, chains of 12 to 
18 residues linked by 1,4-glycosidic bonds) and a glycosyl residue is trans- 
ferred from the 1,4 to the 1,6-linkage. 
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The degradation of glycogen proceeds by an entirely separate pathway. 
Glycogen phosphorylase (or simply ‘phosphorylase’) catalyses the phos- 
phorolytic cleavage of the 1,4-glycosidic bonds to give glucose-1-phosphate. 


phosphorylase 
glycogeninsiucosey + Pi AM glucose-1-phosphate + glycogen,,.. 1 glucose) 


The 1,6-linkages are attacked by a hydrolytic debranching enzyme (dextrin 
6-glucanohydrolase) which produces one glucose molecule for every branch 
point. The glucose-1-phosphate formed on glycogen degradation is converted 
to glucose-6-phosphate via the action of phosphoglucomutase, which 
catalyses a reaction close to equilibrium and is thus involved in both synthesis 
and degradation. These pathways operate in all tissues that are found to 
contain glycogen and have been studied extensively in skeletal muscle and 
in liver. 


2. Physiological importance of glycogen 


Although glycogen is found in almost all tissues, it is in liver and muscle 
that its occurrence is of particular quantitative importance in the metabolism 
of the body as a whole. The function of glycogen is that of a reserve of glucose 
which can be rapidly formed from glycogen when required. The capacity 
for storing glycogen is limited simply on account of the space which it 
occupies in the cytoplasm. Under suitable conditions (for example, in an 
animal which has been well fed upon a diet rich in carbohydrate) the glycogen 
content of the liver is of the order of 50 mg/g fresh tissue (that is, 250 pmol 
glucose stored in the form of glycogen per gram of liver: the total liver 
glycogen amounts to about 04 2 in the rat and 70g in man). The total 
amount of glycogen in the musculature of the average man is about 120 g. 

The degradation of glycogen by phosphorylase results in the formation 
of hexose monophosphates which in the liver can be utilized for at least 
two purposes; degradation via glycolysis to supply energy and/or inter- 
mediates for biosynthetic purposes, and hydrolysis to glucose in the reaction 
catalysed by glucose-6-phosphatase, 


glucose-6-phosphate — glucose + P, 


Hydrolysis of glucose-6-phosphate is of particular importance since it means 
that the hepatic glycogen stores can be utilized for the maintenance of 
blood glucose levels in conditions where a serious fall in glucose level would 
have otherwise occurred (for example, excessive insulin secretion, starvation 
or carbohydrate deprivation) However, there is not sufficient glycogen 
stored in the liver to maintain the blood glucose level during a period of 
prolonged starvation (liver glycogen lasts for about 12-24 hours of starvation 
in man and rat) and glucose must be synthesized from non-carbohydrate 
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sources (gluconeogenesis—see Chapter 6). Hepatic glycogen is probably 
partially utilized between meals and to a greater extent during the diurnal 
fast." Physical exercise also increases the breakdown of glycogen in the 
liver.? 

In muscle, glycogen functions solely as a fuel reserve for ATP generation 
during contraction. In accordance with this function, skeletal muscle lacks 
the enzyme glucose-6-phosphatase, and consequently is unable to convert 
glucose-6-phosphate to glucose. The activity of phosphorylase in muscle 
is generally very high, and necessarily so, since glycogen must be degraded 
rapidly in order to produce energy at a sufficient rate for muscle contraction. 
Skeletal muscle may be subdivided into at least two types, namely red 
(aerobic) and white (anaerobic) (Figure 4.3) which differ in both appearance 
and metabolism. Red muscle has a good blood supply and contains many 
mitochondria. It possesses a high capacity for aerobic oxidation of either 
glucose or fatty acids (i.e. enzymes of fat oxidation, TCA cycle and electron 
transport are present in high activity, see Table 4.1). The supply of these 
fuels via the blood should be sufficient to provide energy rapidly enough 
for moderate mechanical activity. If the energy requirement for contraction 
exceeds the rate of energy production from glucose and/or fatty acids, 
glycogen may be oxidized to provide additional energy for a comparatively 
long period. However, if the energy demands of contraction exceed the 
aerobic capacity of the muscle (that is, the supply of oxygen is limiting), 
glycogen can be degraded anaerobically to lactate and extra ATP obtained 
from glycolysis. In this situation the rate of glycogenolysis must be high 
since the anaerobic rate of ATP production is less than 10% of the aerobic 
rate. However, the glycogen reserve is soon depleted and the extra ATP 
generation may only be maintained for a short time. White muscle contracts 
violently for short periods (for example, during escape of an animal from a 
predator) and its metabolism is well adapted to such a role: it has a poor 
blood supply, very few mitochondria and a low activity of the TCA cycle, 
but it has a high capacity for glycogen degradation via glycolysis (see Table 
4.1). The glycogen stores are somewhat greater in white muscle than in 
red: domestic fowl pectoral muscle (white) and rat heart (red) contain 
respectively 20 and 12 што! glucose residues as glycogen per gram of fresh 
muscle (approximately). In white muscle the phosphorylase activity is about 
100 mol/min/g compared with about 20 umol/min/g in red muscle. 
Therefore glycogen degradation can occur extremely rapidly in white 
muscle whereas its poor blood supply and low-activity hexokinase (about 
2 umol/min/g) indicate that anaerobic glycolysis from glucose would not 
supply sufficient energy for contraction. The pectoral muscles of game birds 
and domestic fowls are good examples of white muscles: they are used solely 
for escape from predators or for flying to a high perch to roost in the evening 
(see Figure 44). 
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Glycogen Кы et Lactate 
Ur б ре Pyruvate ug 
CO; + H20 


Glucose ADP ATP 


Figure 4.4. Emphasis upon glycogen conversion to lactate for energy 
production in anaerobic muscle 


The inefficient production of ATP in anaerobic muscles is offset by 
their high glycolytic capacity. The limitation that is imposed by the rapid 
depletion of the glycogen stores is illustrated by the fact that mechanical 
activity can be maintained for only short periods (if phosphorylase in these 
muscles were fully activated all the glycogen would be used in about 
10 seconds). It has been known for many centuries that game birds are very 
easily fatigued. In his Anabasis, Xenophon wrote in about 400 BC, 'The 
bustards on the other hand, can be caught if one is quick in starting them 
up, for they fly only a short distance, like partridges and soon tire; and their 
flesh was delicious.’ 


3. Identification of the regulatory enzymes of glycogen metabolism 


The pathways of glycogen degradation and synthesis consist of compara- 
tively few reactions and therefore identification of regulatory enzymes is 
fairly straightforward. There is good evidence that phosphorylase catalyses 
a non-equilibrium reaction in the cell. 


(a) The maximum activity of phosphorylase is low in comparison to that 
of some other enzymes of glycolysis: its activity is similar to that of the 
‘non-equilibrium’ enzyme phosphofructokinase (Table 4.1). 

(b) The mass-action ratio for the phosphorylase reaction should be given 
by [glucose-1-phosphate] x (glycogen, _ ,]/[P,] x [glycogen,,], where n refers 
to the number of glucose residues in the glycogen. Since glycogen consists 
of molecules of different sizes, it is impossible to determine the ratio 
[glycogen,,_ ]/[glycogen,]. It seems very likely that this ratio is approximately 
unity and in this case the mass-action ratio reduces to [glucose-1-phosphate]/ 
[P;]. This ratio is found to be about 0-003 in muscle, whereas at equilibrium 
the ratio [glucose-1-phosphate]/[P,] is about 0-3. Therefore the mass-action 
ratio is much lower than the ratio at equilibrium, so that phosphorylase 
catalyses the unidirectional degradation of glycogen in the cell. The mass- 
action ratio for this reaction is low because the cell maintains the level of 
inorganic phosphate at about 10 mM and the level of hexose monophosphate 
atabout0-6mM. Moreover, the equilibrium Position of phosphoglucomutase, 
which catalyses the interconversion of the two glucose phosphates, is about 
95% in favour of glucose-6-phosphate. 
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It is possible to demonstrate that phosphorylase is a regulatory enzyme 
according to the more restricted definition given in Chapter 1. When 
glycogenolysis is stimulated (for example, by adrenaline or muscle contrac- 
tion), the catalytic activity of phosphorylase must have increased, whereas 
the content of its substrate, glycogen, is obviously decreased. Thus the 
activity of phosphorylase is controlled by factors other than the concentra- 
tion of its pathway substrate. 

The evidence that glucosyltransferase is non-equilibrium for glycogen 
synthesis is based on enzyme activity measurements: its activity is much 
less than the activities of UDPG—pyrophosphorylase and phosphogluco- 
mutase and it is similar to or less than the activities of hexokinase and 
phosphofructokinase (Table 4.2). In liver tissue it has been demonstrated 
that, under some conditions when glycogen synthesis is increased, the hepatic 
content of UDPG is decreased. This positively identifies the enzyme as 
regulatory.* 

The properties of phosphorylase and glucosyltransferase are relevant to 
any theory of control of glycogenolysis and glycogen synthesis. Since these 
properties are exceedingly complex and the theories of control exceptionally 
involved, their description is presented in several separate sections in this 
chapter. This must not imply that there is any segregation of control in the 
living cell: segregation is necessary in the present context merely to aid the 
understanding of highly complex and well-integrated control systems for 
both glycogenolysis and glycogen synthesis. 


B. EARLY STUDIES OF THE PROPERTIES 
OF PHOSPHORYLASE 


Some knowledge of the early studies of phosphorylase is helpful in an 
appreciation of present theories of its control (for review see reference 5). 
The fascinating new control theory for phosphorylase (probably the most 
thoroughly understood metabolic control system in higher animals) is based 
upon a large amount of experimental data which began to accumulate with 
the early pioneering work on the enzyme by G. T. Cori and C. F. Cori. 
More recently the enzymology of the interconversions has been studied in 
great detail by Fischer, Krebs and coworkers (for early review, see reference 6) 
and the involvement of cyclic AMP in the control of phosphorylase has 
been elucidated by the brilliant work of Sutherland and his colleagues (for 
an early review see reference 7). 

Studies on phosphorylase have been complicated by the fact that the 
enzyme exists in two distinct forms which have different properties. In the 
early 1940s it proved possible to isolate the enzyme in either an active form 
(phosphorylase a) or an inactive form (phosphorylase b). The inactive 
phosphorylase could be activated by AMP. Following the crystallization 
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of phosphorylase a from muscle tissue, an enzyme was demonstrated in 
muscle extracts that catalysed the conversion of the a form into the b form. 
Crystals of phosphorylase b could be isolated after exposing phosphorylase a 
to the action of the interconverting enzyme, which at that time was called 
the ‘prosthetic group removing enzyme’ (PR enzyme). It was thought that, 
since phosphorylase b became active in the presence of AMP, the PR enzyme 
might be removing bound AMP. The discovery that the molecular weight 
of phosphorylase а was twice that of phosphorylase b led to the interconverting 
enzyme being renamed the ‘phosphorylase-rupturing enzyme’ (still ‘PR’ 
enzyme). 

In 1955 Fischer and Krebs found an enzyme which catalysed the conversion 
of phosphorylase b to phosphorylase a.? This reaction required Mg?* and 
involved the hydrolysis of ATP to ADP. Thus it appeared to bring about 
phosphorylation of phosphorylase b by ATP. The activating enzyme, 
phosphorylase b kinase, was partially purified and the stoichiometry of 
the interconversion in vitro was established as: 


2 phosphorylase b + 4АТР'% phosphorylase a + 4ADP 


The demonstration that the activation of phosphorylase involved a phos- 
phorylation reaction and a kinase enzyme with the probable transfer of a 
phosphate group to the phosphorylase protein, suggested that the inactivating 
enzyme was a phosphatase (that is, a phosphate-releasing or PR enzyme). 
This enzyme was partially purified and shown to catalyse the following 
phosphatase-type reaction. 


Phosphorylase a + 4H,O — 2 phosphorylase b + 4P; 


The existence of two forms of phosphorylase with different catalytic 
activities which were capable of being enzymatically interconverted suggested 
that the two forms might be involved in metabolic control of glycogenolysis 
in muscle tissue. However, in the early studies, whenever phosphorylase 
was assayed in extracts of muscle it was always found to be in the a form. 
This was the case even in extracts prepared from resting muscle, in which 
it is known that glycogen is not degraded. 

Fischer and Krebs realized that if the distribution of the two forms of 
phosphorylase in muscle was to be accurately assessed, it- was vital to 
inhibit the interconverting enzymes during extraction of the muscle tissue. 
Knowledge of the properties of these enzymes indicated suitable inhibitors: 
the phosphatase was inhibited by fluoride ions and the kinase was inhibited 
by EDTA, which chelated the essential Mg?*. Under these conditions 
extracts of many muscles were found to contain proportions of phosphorylase 
b which accounted for more than 90% of the total activity. 

The theory developed that phosphorylase b was always the inactive 
species of the enzyme and that whenever glycogenolysis was necessary, 
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phosphorylase b had to be converted to phosphorylase a. Although this 
theory explained many of the known facts, some modification was necessary 
in the early 1960s to take into account new experimental data. These experi- 
ments and the modification of the control theory are described in the following 
section, while discussion of the further developments in the enzymology of 
the interconverting enzymes is deferred until Section D. 


C. CONTROL OF THE ACTIVITY OF PHOSPHORYLASE b 
IN MUSCLE 


The simple theory of control of phosphorylase activity, based upon the 
interconversions between the two forms, required the fundamental assump- 
tion that phosphorylase b was inactive under all conditions, although in 
their review article in 1962 Krebs and Fischer? voiced some reservations on 
this assumption. The early work of the Coris had shown that phosphorylase b 
could be activated by AMP (507; activation was obtained at about 1075 M) 
and prior to about 1960 it was considered that the level of AMP in muscle 
was always lower than 1075 M.? Therefore it appeared that the effect of 
AMP was unphysiological and that phosphorylase b was inactive in muscle. 
This theory had to be modified since experiments of three different kinds 
suggested that phosphorylase b could indeed be active in muscle. 


(a) The development of rapid-freezing techniques and enzymatic assay 
methods for the determination of tissue metabolite levels in the late 1950s 
permitted an experimental reappraisal of the AMP content of muscle.'? 
It was found that the content of AMP in skeletal muscle was about 
0-1 umol/g fresh tissue (or 107* M). Since 50% of the maximal activity of 
phosphorylase b was obtained at 1075 M АМР, this form of the enzyme 
should be always active even in resting muscle. This theory is obviously 
untenable since little if any glycogen degradation occurs in resting muscle. 

(b) A strain of mice (I-strain) was discovered in which the muscles speci- 
fically lack the enzyme phosphorylase b kinase, so that in these muscles 
the conversion of phosphorylase b to phosphorylase a is impossible. There- 
fore, according to the theory, glycogen should not be degraded. However, 
enforced physical exercise in these mice (swimming in a bucket of water),!! 
or electrical stimulation of the muscles in vitro,!? caused glycogen depletion. 

(c) In perfused heart experiments it was shown very convincingly that 
under certain conditions phosphorylase b must be active. In the isolated 
rat heart perfused with glucose, no glycogenolysis could be detected and, 
consistent with this, it was shown that 98% of the phosphorylase was in the 
b form (see Table 4.3). The addition of the hormone, glucagon, which stimu- 
lates glycogen breakdown, caused 44 % of the phosphorylase b to be converted 
to the a form. However, the effect of anaerobiosis on the rate of glycogenolysis 
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Table 4.3. The effects of glucagon and anaerobiosis on the content of glycogen and 
the percentage of phosphorylase a in the perfused isolated rat heart!? 


Aerobic conditions Anaerobic 
Substances measured Control Glucagon conditions 
Glycogen content 
(mg/g dry weight) 13-5 80 3-5 
Phosphorylase content 
(percentage a) 2 44 16 


The hearts were perfused for 12 minutes and the control values represent the glycogen 
content and percentage phosphorylase a at 12 minutes. Glucagon was added to the perfusate, 
or hearts were made anaerobic, at 12 minutes, and then perfusions were continued for two 
minutes before freeze-clamping the heart. The content of glycogen and the activity of phosphoryl- 
ase were measured. Thus, in two minutes 5-5 mg of glycogen was degraded as a result of glucagon 
addition and 10-0 mg was degraded as a result of anaerobiosis. 


was much greater than the effect of glucagon, despite the fact that only a 
slight conversion (16%) of phosphorylase b to phosphorylase a had 
occurred.'? The obvious conclusion was that phosphorylase b had been 
activated by the anaerobic conditions so that both phosphorylase a and b 
were active. 


At this stage Morgan and Parmeggiani reinvestigated the properties of 
phosphorylase b from skeletal muscle. They found that phosphorylase b 
was activated not only by AMP but also by inorganic phosphate. The 
activation caused by these compounds was decreased in the presence of 
ATP and glucose-6-phosphate. In contrast, phosphorylase a was much less 
sensitive to these compounds.“ The discovery of these properties provided 
the answer to the problems cited above. In resting muscle the concentration 
of AMP is not sufficient to activate phosphorylase b because the levels of 
ATP and glucose-6-phosphate are inhibitory, but conditions which cause 
an increase in the concentrations of AMP and P, and a decrease in those 
of ATP and/or glucose-6-phosphate (for example, exercise in the I-strain 
of mice; anaerobiosis in the perfused heart) result in an increase in phos- 
phorylase b activity. Therefore glycogenolysis proceeds without the need 
for the conversion of phosphorylase b to phosphorylase a. 

The discovery that both forms of phosphorylase can be catalytically 
active in muscle (and when both are fully active the catalytic activities are 
similar) immediately poses a question: why has Nature gone to the trouble to 
provide a dual mechanism of control of this enzyme? The control of phos- 
phorylase b by changes in the concentrations of adenine nucleotides and/or 
glucose-6-phosphate can be considered as a basic cellular mechanism of 
control which is not unlike the regulation of phosphofructokinase (Chapter 3, 
Section D.2). Thus, in any situation in which the energy level of the cell is 
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decreased, or in which the glucose-6-phosphate level is decreased, phos- 
phorylase b will be activated and glycogenolysis will result. The ability of 
the cell to activate phosphorylase by conversion of the b form to the a form 
can be considered as a more sophisticated mechanism of control that has 
been grafted onto the basic control mechanism during evoluiionary develop- 
ment. The advantage of this mechanism is that it permits glycogenolysis to 
proceed despite normal (i.e. high) levels of ATP and glucose-6-phosphate 
(see Figure 4.5). The physiological advantage of this is that in stressful 


Phosphatase 


Phosphorylase а Phosphorylase b 


Kinase 


Figure 4.5. Control of phosphorylase activity. The activity 

of phosphorylase b is controlled by a balance of the 

concentrations of G-6-P, ATP, AMP and Р,. Phosphory- 

lase can be activated by hormones via the conversion of 
the b form to the a form 


situations phosphorylase b will be converted to the a form (by the action 
of adrenaline; see next section), glycogenolysis will be stimulated and the 
concentrations of the glycolytic intermediates will be elevated in preparation 
for an increased demand for energy. This is important because biological 
energy is not stored in its utilizable form (ATP) but has to be constantly 
regenerated by phosphorylation reactions (see Figure 3.8). Therefore, when 
an animal senses danger, the release of adrenaline will ensure a transient 
increase in glycolytic intermediates in the muscle cell, so that if the animal 
has to escape, the rate and force of contraction will not be restricted by a 
limitation in the ability of the muscle to regenerate ATP. The ability of an 
animal to travel from point A to point B in, for example, 9 seconds instead 
of 10 seconds (a 10% reduction in transit time) may have considerable 
survival value! 


D. CONTROL OF PHOSPHORYLASE ACTIVITY BY 
ENZYMATIC INTERCONVERSIONS 


Although phosphorylase b can be activated directly by variations in the 
Concentrations of metabolites, the conversion of phosphorylase b to a 
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occurs under all physiological conditions that result in increased glyco- 
genolysis. The theory of control which prevails at present is based on the 
properties of the enzymes that catalyse the interconversions (phosphorylase b 
kinase and phosphorylase a phosphatase) and, in particular, upon the 
properties of phosphorylase b kinase. 


1. Phosphorylation of phosphorylase 5 
Phosphorylase b kinase has been shown to catalyse the following reaction 


2 phosphorylase b + 4ATP — phosphorylase a + 4ADP 


During this reaction the terminal phosphate of ATP is transferred to a 
specific amino acid residue on each individual monomer of phosphorylase b. 
The phosphate is covalently bound by esterification with the hydroxyl 
group of a serine residue (see Figure 4.6). 


A э. | 
Peptide chain H Peptide chain 


Figure 4.6. Phosphorylated serine residue 


This has been demonstrated by partial proteolytic digestion of phos- 
phorylase a (phosphorylated phosphorylase b) and the isolation from the 
hydrolysate of a pentapeptide containing serine phosphate. Larger fragments, 
containing this pentapeptide, have since been isolated from partial hydro- 
lysates, including a tetradecapeptide which has been completely sequenced. 
This tetradecapeptide can be dephosphorylated by phosphorylase a phos- 
phatase and the resulting dephospho- form can be rephosphorylated by 
phosphorylase b kinase.!? The sequence of this peptide in the phosphorylase a 
from rabbit skeletal muscle is as follows: Ser-Asp-Gln-Glu-Lys-Arg-Lys- 
Gln-Ile-Ser(P)-Val-Arg-Gly-Leu. The serine residue, which is phosphorylated 
during the interconversion, is in a region of the peptide chain that is highly 
basic. It is possible to speculate that addition of a phosphate group in this 
peptide sequence would have a marked effect upon the local charge of the 
peptide and hence on the conformation of the molecule. This peptide 
sequence takes no direct part in the catalytic process : the residue that remains 
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after removal of the peptide retains phosphorylase activity. This residue 
resembles phosphorylase b in that it requires AMP for activity but, of course, 
it cannot be converted to phosphorylase a. The evidence suggests that the 
phosphorylated site occupies a position on the surface of the protein: it is 
available to both phosphorylase a phosphatase and phosphorylase b kinase 
and it is readily attacked by several proteolytic enzymes. 

In summary, it is known that the phosphorylation site is on the surface 
of the protein, that a specific serine residue is phosphorylated which might 
modify the local (primarily) positively charged area in the molecule, and 
that this site is spatially distinct from the catalytic site. The molecular 
details that would explain the increase in catalytic activity upon phosphoryla- 
tion of this serine residue are as yet unknown (for a review see reference 16). 

Molecular weight studies have shown that phosphorylase b in its active 
form is a dimeric molecule consisting of two protein subunits each of 
molecular weight 92,500. Crystalline phosphorylase a from several sources 
has a molecular weight of 370,000 and is therefore made up of four of the 
92,500 subunits. When pure phosphorylase a is dephosphorylated by the 
phosphatase, 4 moles of inorganic phosphate are released per mole of phos- 
phorylase a and the molecular weight falls by a factor of two. Thus, in vitro 
the stoichiometry of the conversion is as follows, 


phosphorylase a > 2 phosphorylase b + 4Р, 


Recent work by the Fischer group has indicated that this is unlikely to be 
the situation in living muscle, where phosphorylase a is probably dimeric. 
In vitro both the a and b forms of phosphorylase can exist in monomeric, 
dimeric and tetrameric forms. The monomers, whose formation is reversibly 
effected by sulphydryl reagents, are inactive, whilst the dimeric form of 
both a and b can be active under the appropriate conditions. The Fischer 
group proposes that the phosphorylation of dimer b into dimer a takes 
place in two separate steps, the intermediate being a partially phosphorylated 
hybrid which has one phosphorylated and one unphosphorylated subunit. 
Each of the dimers may exist in one of two conformations which are in 
equilibrium (see Figure 4.7). In phosphorylase b, this equilibrium strongly 
favours the inactive conformation unless activators (AMP, P;) are added. 
The equilibrium of the phosphorylated form (phosphorylase a) strongly 
favours the active conformation. Phosphorylase b kinase acts upon the 
inactive conformation while phosphorylase a phosphatase acts upon the 
active conformation. The active conformations will aggregate and this 
accounts for the fact that active phosphorylase a is isolated in the tetrameric 
state, as is phosphorylase b in the presence of AMP. Although phosphorylase 
a from human, rabbit, rat and frog skeletal muscles tetramizes readily, the 
enzymes from all other sources so far investigated do not. This observation 
supports the idea that tetramization is not essential for catalysis. 
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Figure 4.7. A model for the structure and conformation of phospho- 

dephospho-hybrids. Circles represent inactive conformations and squares 

represent active ones. Open and filled symbols represent non-phosphoryl- 
ated and phosphorylated subunits, respectively ' 


2. Properties of phosphorylase 5 kinase 


When phosphorylase b kinase is isolated from skeletal muscle it shows 
very little activity. It can be activated in vitro in a number of ways: 


(a) incubation with ATP and Mg?* ions, 

(b) incubation with Ca? * ions, 

(c) treatment with a proteolytic enzyme (such as trypsin), 
(d) increasing the pH to about 82. 


Neither trypsin treatment nor exposure to a high pH are thought to have 
any physiological significance. The activation of the enzyme by partial 
proteolysis is an irreversible process and therefore it is difficult to see how 
it could be of any significance for the regulation of phosphorylase b kinase 
in the muscle cell. The enzyme, as isolated in its non-activated form, has an 
optimum activity above pH 8 and shows very little activity at pH 68. This 
non-activated form differs even when active at pH 8 from the enzyme which 
has been activated by other means (such as incubation with ATP-Mg?* or 
with Ca?*) and is in fact less active even at high pH (see Figure 4.8).* Since 
it is very unlikely that a large pH shift occurs intracellularly, this pH effect 
is probably unphysiological and the non-activated form of phosphorylase b 
kinase is always inactive in the cell. 


* The differential effect of pH on the non-activated and activated forms of b kinase has 
provided a convenient experimental tool for the measurement of the degree of activation in vivo. 
Muscle is rapidly extracted and the activity of b kinase is measured at pH 6-8 and at pH 8-2. 
A low ratio of the activity at pH 68 to that at pH 8-2 indicates that the enzyme is in the non- 
activated form: as the ratio approaches unity activation approaches 100% (Figure 4.8). 
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Figure 4.8. The pH profiles of inactive 

and active phosphorylase b kinase. A is 

the inactive form and B is the active 
form!” 


The activation of phosphorylase b kinase by ATP-Mg?* and by Ca?* 
both appear to be physiologically important. The results of much fruitful 
research upon these two effects may be assembled into a coherent theory 
of control in which the stimulation of glycogenolysis by adrenaline is 
mediated via the ATP-Mg?*-dependent activation of phosphorylase b 
kinase, whilst the increased glycogenolysis which follows nervous stimulation 
of muscle is brought about by the activating effect of Ca? * upon this same 
enzyme. These two mechanisms for activating glycogenolysis are discussed 
separately in Sections D.3 and D.4, despite the fact that in some conditions 
they may work in concert in the muscle cell. 


3. Hormonal control of phosphorylase activity 
(a) The effects of AT P-Mg?* оп phosphorylase b kinase 


The activation of phosphorylase b kinase by incubation of a muscle 
extract with ATP and Mg?* suggested that a phosphorylation reaction 
might be involved in the activation process. Accordingly, incubation of b 
kinase with ATP labelled with ??P in the у position resulted in the incorpora- 
tion of ??P into the enzyme protein as the activation proceeded (see Figure 
4.9). Further evidence that phosphorylation accompanies activation was 
provided by an experiment with the cyclic nucleotide 3,5'-AMP, which had 
been implicated in the stimulation of glycogenolysis by adrenaline as early 
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Figure 4.9. Activation of rabbit muscle phosphorylase b 
kinase by AT??P and Mg?*, with and without cyclic 
AMP. Purified non-activated phosphorylase b kinase was 
incubated at pH 7-0 with 10 mM Mg?* and 2 тМ ATP, 
with and without 0-2mM cyclic AMP. At intervals, 
aliquots were precipitated with trichloroacetic acid, 
washed, and counted. Other aliquots were diluted and 
assayed for phosphorylase b kinase activity at pH 6-8. 
The ordinate on the left gives kinase activity in arbitrary 
units. The ordinate on the right gives ??P incorporation 
in mol/L x 105 g protein. Broken lines represent ??P 
incorporation; solid lines represent b kinase activity!" 


as 1958 (see Section D.3(b) for a full account of the role of cyclic AMP). The 
addition of cyclic AMP to the assay medium of phosphorylase b kinase 
caused a marked increase in activity and a parallel stimulation of ??P 
incorporation from ATP (Figure 4.9).!" No cyclic AMP was formed during 
the incubation with ATP and Mg?* alone, and therefore its effect must 
have been separate from that of ATP-Mg?* . Also, strikingly low concentra- 
tions of the cyclic nucleotide were sufficient for its stimulatory effect: 
1 x 1077 M cyclic AMP caused a 507; increase over the activation by ATP- 
Mg?* alone. Since the cyclic AMP effects were greater with less pure pre- 
parations of phosphorylase b kinase, there was probably some other factor 
involved in the cyclic AMP activation which was removed during purifica- 
tion. It was thought that the phosphorylation of phosphorylase b kinase 
by ATP was enzymatic and the exciting possibility arose that cyclic AMP 
might exert its effect via another kinase enzyme, namely, phosphorylase b 
kinase Кіпаѕе,! The existence of such an enzyme was eventually reported 
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in 19681 and since that time its properties have been studied in some detail. 
In particular, it is activated by very low concentrations of cyclic AMP (see 
Section D.3(b)(v)). It has also been observed that this enzyme will phos- 
phorylate a number of proteins other than phosphorylase b kinase and 
therefore it has been renamed, protein kinase. 

The properties of phosphorylase b kinase in respect of its activation by 
ATP-Mg?* are obviously complex, but nonetheless, on the basis of these 
properties, it is possible to formulate a coherent theory of control which is 
physiologically satisfactory. The theory is that an increase in the level of 
cyclic AMP in muscle tissue leads to activation of protein kinase. Active 
protein kinase phosphorylates inactive phosphorylase b kinase with the 
formation of active b kinase. Consequently, phosphorylase b will be con- 
verted into phosphorylase a and this will stimulate glycogenolysis even 
in resting muscle (Figure 4.10).'8!° The experimental evidence in support 
of this theory is provided below (Section D.3(b)(iii)). 
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Figure 4.10. The control of phosphorylase activity by an enzyme cascade. Stimulation 

of adenyl cyclose increases the intracellular concentration of cyclic AMP, which stimu- 

lates protein kinase: inactive phosphorylase b kinase is converted to active b kinase, 

which catalyses the conversion of phosphorylase b into phosphorylase a (see also 
Figure 4.19) 


(b) The role of cyclic 3',5'-АМР in the regulation of phosphorylase 

(i) Historical introduction. This account of the control of. glycogen metabolism 
has so far been restricted to observations on skeletal muscle systems. A 
considerable amount of work was carried out during the same period on 
liver phosphorylase and it was this work, largely by Sutherland and his 
coworkers, which first gave rise to the isolation of cyclic AMP and to the 
elucidation of the role ofthis compound in thecontrol of glycogen metabolism. 
In the mid-1950s Sutherland and Wosilait found that liver phosphorylase 
existed in an active (phosphorylated) form and in an inactive (dephosphoryl- 
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ated) form and that the interconversions of the two forms were catalysed 
by two enzymes, a kinase (requiring ATP and Mg?*) and a phosphatase. 
For some time it had been known that the hormones adrenaline and 
glucagon were potent stimulators of glycogenolysis. It was anticipated that 
these hormones might influence the relative proportions of active and 
inactive phosphorylasein liver. Accordingly, it was found that both adrenaline 
and glucagon caused a conversion of phosphorylase into the active form. 
The response to the hormones could be separated into two distinct phases : 
first, there occurred the formation of a heat-stable, dialysable, active factor 
that was produced by a particulate fraction of the cell; second, there was 
phosphorylation of phosphorylase b in the supernatant fraction upon which 
the hormones, when added directly, had no effect. Thus, the hormones 
stimulated the formation of the heat-stable factor which was in turn respons- 
ible for the stimulation of the phosphorylase interconversions. The identifica- 
tion of this factor by the Sutherland group progressed until it was known 
that it was an adenine nucleotide. At the same time as they were attempting 
to identify this unknown nucleotide, another research group was analysing 
a hitherto unidentified nucleotide which they had isolated from a Ba(OH), 
hydrolysate of ATP. The two groups exchanged nucleotides and it turned 
out that they were identical’ and that they were, indeed, cyclic 3,5-AMP, 
whose structure is shown in Figure 4.11. 


1 
Figure 4.11. The structure of cyclic 3,5 -АМР о OH 


Since the discovery of cyclic AMP the Sutherland group have continued 
their work on the enzymes that synthesize and degrade the nucleotide and 
on the measurement ofits concentration in a variety of tissues under different 
conditions (for example, see references 20 and 21), These investigations have 
complemented those of Krebs, Fischer and colleagues on the enzymology of 
the phosphorylase interconversions and the result is an exciting story of 
the mechanism of regulation of phosphorylase activity. i 


(ii) Adenyl cyclase and phosphodiesterase. Cyclic AMP is produced fro 
ATP in a reaction catalysed by adenyl cyclase, whose distribution and 
properties were first reported in 1962.77 

adenyl 


ATP eae 3,5'-AMP + PP; 
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It was observed that the activity was always associated with a particulate 
fraction of the cell and, initially, it was difficult to decide whether the 
particles in question were fragments of the cell membrane or the nuclear 
membrane. The advent of a special cell-fractionater made it possible, by 
differential centrifugation, to demonstrate clearly that adenyl cyclase is 
associated with the cell membrane, at least in pigeon erythrocytes and rat 
liver. It has been tacitly assumed that the enzyme has a cell membrane 
location in all other tissues. 

Adenyl cyclase preparations from liver are activated by adrenaline and 
glucagon, whereas preparations from skeletal muscle are activated only by 
adrenaline. The location of adenyl cyclase in the cell membrane implies 
that activation of this enzyme by a hormone must represent a very early 
molecular event in the action of the hormone on its target tissue. Unfortu- 
nately, the inability to solubilize adenyl cyclase whilst retaining its sensitivity 
to hormones has precluded any further advance in the knowledge of the 
molecular action of hormones. 

Although the equilibrium constant of the adenyl cyclase reaction is 
unknown, it seems very likely that in the cell the reaction is non-equilibrium. 
Therefore cyclic AMP must be continually removed by another reaction, 
otherwise large quantities would accumulate in the cell. The enzyme that 
degrades cyclic AMP is known as cyclic AMP phosphodiesterase. The 
intracellular concentration of cyclic AMP is maintained in a steady state 
by the two reactions catalysed by adenyl cyclase and phosphodiesterase, as 
follows 

adenyl cyclase phosphodiesterase 


ATP — ——9» cyclic AMP AMP 


H;O 


The maintenance of the concentration of cyclic AMP by two such non- 
equilibrium reactions provides a very simple mechanism for the control of 
the concentration of this important regulator : all that is required is a change 
in the rate of one of the reactions. As far as is known at present, changes in 
concentration of cyclic AMP in muscle cells are produced physiologically 
only by changes in the activity of adenyl cyclase. This mechanism suffers 
from the disadvantage that large changes in the concentration of regulator 
are unlikely to occur physiologically. This is because the phosphodiesterase 
reaction is a first-order reaction (that is, the cyclic AMP concentration is 
much less than the Km of the enzyme for cyclic AMP) so that, as the cyclic 
AMP concentration is increased by adenyl cyclase stimulation, phospho- 
diesterase activity is also increased. The theoretical relationship between the 
change in concentration of regulator and the change in enzyme activity in 
this type of situation can be calculated (see Table 44). If such a relationship 
holds in vivo, the experimental modification of adenyl cyclase activity by 
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Table 4.4. Theoretical analysis of changes in steady-state concentrations of a compound 
dependent on irreversible synthesizing and degrading reactions 


БР zi Concentration of B ( x 10?) 
Activity of synthesizing system 


(arbitrary activity units) V, is 10? V, is 10? 
V, (arbitrary activity units) (arbitrary activity units) 
1 0-1 1-0 
2 02 20 
5 05 50 
10 10 1:0 
20 20 25-0 
50 53 100-0 
100 114 
200 250 


The reaction sequence is 
1 
А5В5С 


Both reactions are non-equilibrium and are assumed to be enzyme catalysed. The reaction 
A — Bis zero order (that is, the substrate is present in excess) and the enzyme that catalyses the 
В ¬ C reaction obeys Michaelis-Menten kinetics. The K,, for substrate B is assumed to be 
0-1 arbitrary units. The equation governing this situation is 


V, x K, 
(вј= === 
и 


where V, and У, are the maximal activities of enzymes catalysing reactions 1 and 2, respectively. 
The reaction system is considered to be similar to that controlling the intracellular concentration 
of cyclic AMP: reaction 1 represents the adenyl cyclase reaction, reaction 2 represents the 
phosphodiesterase reaction and B represents cyclic AMP (see reference 60). 


physiological effectors (such as adrenaline) should result in only small 
changes in the intracellular concentration of cyclic AMP: that this is the case 
is supported by the results shown in Table 4.5. In contrast, the experimental 
inhibition of phosphodiesterase by non-physiological agents such as the 
methyl xanthines (caffeine, for example), along with the stimulation of adenyl 
cyclase, results in large changes in the concentration of cyclic AMP. 

The limited elevation in cyclic AMP concentrations effected by hormones 
in vivo has necessitated that the sensitivity of the target enzyme to this 
cyclic nucleotide be increased : this is achieved by the target enzyme existing 
in two enzymatically interconvertible forms. At present it is known that 
cyclic AMP is involved in the regulation of phosphorylase, UDPG- 
glucosyltransferase, and adipose tissue triglyceride lipase (see reference 21), 
all of which exist in two enzymatically interconvertible forms. (A discussion 
of the theoretical aspects of the amplification provided by interconvertible 
forms of an enzyme is presented in Chapter 2, Section F.) 
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Table 4.5. The effect of hormones on the contents of cyclic AMP in various tissues?524 _ 
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Experimental condition 


Hormone addition 


Content of 
cyclic АМР 
(nmol/g fresh 
weight of tissue) 


Liver slices (rabbit) Control 0-4 
Adrenaline (4 x 1075 M) 1-5 
Gastrocnemius, isolated after Control 0.3 
adrenaline administered to Adrenaline 1-6 
whole animal (rat) 
Incubation of isolated diaphragm Control 0-2 
(rat) Adrenaline (5 x 1075 M) 22 
Isolated perfused working rat Control 0-4 
heart _ Adrenaline 14 
Brain slices from 10-day-old rat Control 0.025 
Adrenaline (1075 M) 0.12 
Isolated perfused rat liver Control 0-5 
Glucagon (1-4 x 1075 M) 270 
Anti-insulin sera injected into Control (normal sera) 0-6 
rat, and liver freeze-clamped Experimental (anti-insulin sera) 16 
in situ 
Incubated epidydimal fat pad of Control 0-18 
rat Adrenaline (5 x 1076 M) 028 
Adrenaline (5-5 x 1075 M) 0:37 
Isolated fat cells of rat Control 0-41* 
Adrenaline (5 x 107 5 M) 0.85* 
Control plus caffeine (10-3 M) 0-52* 
Adrenaline (5 x 1076 M) plus 
caffeine (107? M) 9.80* 


* nmol/g dry weight of tissue. 


It may seem surprising that many processes should be regulated by the 
same intracellular messenger (cyclic AMP) and it might have been expected 
that Nature would have diversified the chemicalstructures of such messengers, 
if only for the sake of specificity in regulation. In fact, emphasis on one 
messenger is not surprising when the problems involved in controlling its 
concentration are considered. There are two essential requirements for the 
provision of a regulatory mechanism similar to the one involving cyclic 
AMP. First, there must be a fairly constant concentration of precursor 
(constant ‘source’) for the formation ofthe messenger. Second, the messenger 


must be converted into a compound that does not accumulate in the cell 
(efficient sink"). 


‘source’ > messenger — ‘sink’ 


In the case of cyclic AMP, the ‘source’, ATP, is always available while the 
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‘sink’, AMP, is easily removed via the adenylate kinase equilibrium. It is 
difficult to suggest ‘sources’ and ‘sinks’ for alternative messengers (except 
for other cyclic nucleotides, such as cyclic GMP). 


(iii) Evidence for the theory of control of phosphorylase by cyclic AMP. 
A theory for the control of phosphorylase activity by enzymatic inter- 
conversions, which is based upon the properties of phosphorylase b kinase 
and protein kinase, has been presented in Section D.3(a) (see Figure 4.10). 
The chemical link between the hormones which accelerate glycogenolysis 
and the enzymes which catalyse this process would appear to be cyclic AMP. 
Indeed, the administration of adrenaline to intact muscle preparations has 
been shown to elevate the cyclic AMP content about four-fold. Since 
adrenaline has an activating effect upon partially purified preparations of 
adenyl cyclase, but has no effect upon phosphodiesterase, it is assumed 
that the increase in muscle cyclic AMP is brought about solely by stimulation 
of adenyl cyclase. A problem arises in that 50% activation of partially 
purified preparations of protein kinase occurs at about 1 x 1077 M cyclic 
AMP!®:!9 whereas the calculated intracellular concentration of cyclic AMP 
in most tissues almost always exceeds this value. This discrepancy may be 
explained in several ways: for example, non-specific binding of cyclic AMP 
in the cell or a decrease in the sensitivity of in situ protein kinase to cyclic 
AMP due to the presence of an inhibitor which competes with cyclic AMP. 

The incubation of an intact muscle with adrenaline results in activation 
of phosphorylase b kinase (as measured by the ratio of activity at pH 6-8 to 
that at pH 8-2, see Section D.2) and conversion of phosphorylase to thea 
form (Table 4.6).25 Thus, changes in the state of the enzymes involved in 
the control of phosphorylase and in the intracellular concentration of cyclic 
AMP are consistent with the proposed theory. 


(iv) Physiological significance of the sequence of activations in the control of 
phosphorylase. Cyclic AMP activates protein kinase, which phosphorylates 
inactive b kinase to produce active b kinase, which in turn phosphorylates 
phosphorylase b to form phosphorylase a. This sequence of activating steps 
is an example of an enzyme cascade and it effects the amplification of an 
initial small signal into a much greater final response (Figure 4.10). The 
first example of cascade-amplification in biological systems was proposed 
by Macfarlane? to explain the complex activating system employed in 
blood-clotting (Figure 4.12). There is no doubt that the concentration of the 
initial blood-clotting factor (Hagemann factor or Factor XII) is several 
orders of magnitude smaller than that of thefinal target enzyme, prothrombin. 
Therefore, direct activation of prothrombin by the clotting factor would not 
form sufficient active prothrombin (thrombin) to produce a clot within a 
reasonably short space of time. Obviously, activation of a small amount of 
thrombin might eventually produce a satisfactory clot, but the loss of blood 
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Surface contact 


(1) хп ха 
(2) xi xis 
(3) m-ra 
(4) уш. vro 
e xix 
(6) и 
(7), rr rro (Thrombin) 


(8) тї io (Fibrin) 


Figure 4.12. The control of blood-clotting by an enzyme 
cascade 


during this time would be serious if not fatal. In blood-clotting the small 
concentration of Factor XII initiates theactivation ofthe cascade mechanism, 
in which the product of one reaction is the catalyst for the subsequent reaction. 
In this system amplification may occur at each catalysed reaction so that 
the concentrations of the activated intermediates increase at each amplifica- 
tion stage. If a 10-fold amplification is produced at each reaction, a system 
involving three such reactions could produce a 1,000-fold amplification. 
The role of enzymatic interconversions in providing amplification of the 
response of a regulatory enzyme to а change in concentration of the regulator 
has been discussed earlier (see Chapter 2, Section F.2(a)(ii)). Enzymatic 
interconversions may also be important if the actual concentration of the 
regulator is lower than that of the regulatory enzyme in the metabolic 
pathway. In this case, direct binding of the regulator to the enzyme would 
not cause maximal activation since the number of regulatory molecules is 
smaller than the number of enzyme molecules. However, if the regulator 
modified the activity of the interconverting enzyme (whose concentration 
may be lower than that of the regulatory enzyme) this would result in almost 
complete activation of the regulatory enzyme, since the effect of the inter- 
converting enzyme is catalytic. A further extension of this type of amplifica- 
tion, in which the actual concentration rather than the change in concentra- 
tion of regulator is important, is found in cascade systems. In blood-clotting 
the absolute concentration of Factor XII is very much less than that of 
prothrombin and amplification is essential. The proposal that the series of 
activations in the control of phosphorylase activity perform an analogous 
function to the blood-clotting cascade system?"?* implies that the concentra- 
tion of the initial signal (cyclic AMP) is small in comparison with the concen- 
tration of phosphorylase b or phosphorylase b kinase. The concentrations 
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of phosphorylase and phosphorylase b kinase in muscle can be calculated 
from the specific activities of the purified enzymes.* The concentration 
of phosphorylase is about 5 x 1079 M so that the concentration of binding 
sites could be 1075 M (assuming it is a dimeric protein). However, the 
concentration of phosphorylase b kinase is less than 1079 M, whereas 
the measured content of cyclic AMP is greater than 107 М and this might 
suggest that there is ample cyclic AMP to activate b kinase directly. (Also, 
the final concentration of Ca?* in the sarcoplasm is about the same as that 
of cyclic AMP and yet Ca?* ions modify the activity of phosphorylase b 
kinase and not protein kinase.) If there is ample cyclic AMP available for 
direct activation of b kinase, protein kinase would not be required and there 
would be no cascade; control would be exerted by one system of inter- 
conversions (in a similar fashion to the glucosyltransferase system in which 
protein kinase catalyses directly the conversion of the I to the D form). 
The need for the participation of yet another enzyme becomes clear upon 
consideration of the mechanism for the control ofthe cyclic AMP concentra- 
tion (see Figure 4.13). 


ATP 


| 


Cyclic AMP + Protein kinase === (Protein kinase—Cyclic AMP) 


p 


AMP 


Figure 4.13. Interaction between cyclic AMP and protein 
kinase. (1) Adenyl cyclase, (2) Phosphodiesterase 


When adenyl cyclase activity is increased there is a proportional increase 
in the concentration of cyclic AMP. However, if a large proportion of the 
total cyclic AMP were to be bound to the initial activating enzyme (protein 
kinase or, hypothetically, phosphorylase b kinase) the establishment of a 
new steady-state concentration of cyclic AMP would be a very slow process. 
Consequently, maximal activation of the initial activating enzyme would 
be slow. Furthermore the binding constant for the reaction between cyclic 
AMP and the initial enzyme would have to be very large in order to bind a 
large proportion of the cyclic AMP. Therefore the inactivation of this 
enzyme by destruction of cyclic AMP via the phosphodiesterase reaction 
would also bea very slow process (see Table 4.7). Thus, ifa large proportion of 


* Purified muscle phosphorylase b kinase has an activity of approximately 60 x 10? units/mg 
anda molecular weight of at least 108.2: In crude muscle extracts, total b kinase activity is 
approximately 22 x 10° units/g muscle, so that 1g of muscle contains 0-36 mg of b kinase ог 
approximately 0:36 x 10-6 M. 
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the total cyclic AMP were to be bound to the initial enzyme, there would be a 
serious delay between the initial stimulus (that is, modification of the activity 
of adenyl cyclase) and the required metabolic response (that is, a change in 
phosphorylase activity). In order to ensure activation of protein kinase with 
the minimal delay in establishing the new steady-state concentration of 
cyclic AMP, only a small proportion of the cyclic AMP (10-20%) must be 
permitted to react with the protein kinase. This can be achieved in one of 
two ways: either the absolute concentration of protein kinase is low (107 7 M 
compared with 1079 M for cyclic AMP), or the equilibrium constant for 
the reaction between protein kinase and cyclic AMP is such that only 10-20%, 
of the nucleotide is bound to the kinase (see Table 4.7). In either case, only 
a small amount of the initial signal (cyclic AMP) may be used to initiate 
the process of phosphorylase activation. Therefore, the effective concentra- 
tion of the signal is much lower than its actual concentration and amplifica- 
tion of the cascade type is essential if the process is to be stimulated rapidly. 

This discussion emphasizes the importance of the relationship between 
the two reactions which control the concentration of cyclic AMP in the 
cell—adenyl cyclase and phosphodiesterase. The mechanism provides a 
simple, rapid, precise and efficient system for changing the concentration of 
this intracellular regulator in a controlled manner. The removal of a large 
amount of cyclic AMP by equilibrium binding to a protein would seriously 
interfere with this simple control mechanism. Therefore it is suggested that 
protein kinase constantly samples (by equilibrium binding) only a small 
proportion (say, 10-20%) of the available cyclic AMP in order to detect 
changes in its concentration. (This is somewhat analogous to the modern 
radio-immunoassay of hormones in which a small amount of hormone is 
removed and sampled by binding to a specific antibody.) An increase in the 
concentration of cyclic AMP increases slightly the amount that is bound to 
protein kinase, increases protein kinase activity and initiates the activation 
of the cascade. However, a reduction in the cyclic AMP concentration 
decreases the amount bound to protein kinase, decreases its activity and 
rapidly reverses the activation process. 

The need for rapid activation of phosphorylase is obviously related to its 
physiological function in providing energy for the fight or flight mechanism 
(see Section A.2). The need for rapid inactivation of the enzyme becomes 
clear on consideration of the properties of phosphofructokinase and the 
physiological role of adrenaline in the stimulation of glycogenolysis. 
Adrenaline is released in response to a signal of danger and it causes mobiliza- 
tion of glycogen to hexose phosphates and triose phosphates, which are the 
immediate precursors for ADP phosphorylation, prior to muscular activity. 
Therefore muscle is provided with an immediate energy-precursor to ensure 
that mobilization of energy is not limiting in the ‘fight or flight’ activity 
that may follow the danger signal. What is the metabolic response if the 
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danger passes and the animal does not have to ‘fight or fly’? Phosphorylase 
is inactivated and the hexose phosphates are reconverted to glycogen. If 
phosphorylase could not be rapidly inactivated, most of the glycogen would 
be degraded to hexose and triose phosphates and these would accumulate 
in the muscle. Under such conditions it is possible that glycolysis would be 
limited by the availability of inorganic phosphate at the glyceraldehyde-3- 
phosphate dehydrogenase reaction. Consequently, fructose diphosphate 
would accumulate and the reaction catalysed by PFK might approach 
equilibrium. (Although FDPase may be present in skeletal muscle (see 
Chapter 3, Section E.4(d)) its activity will be so low in comparison to that of 
PFK under these conditions as to be negligible.) Since the equilibrium 
constant for the PFK reaction is approximately 10? (see Chapter 1, Appendix 
1.1) and since a high concentration of fructose-6-phosphate will be main- 
tained in the muscle because of continuing glycogenolysis, the result of 
PFK catalysing an equilibrium (or a situation approaching equilibrium) 
may be a decrease in the cytoplasmic ATP/ADP concentration ratio. (This 
will depend upon the concentration ratio fructose diphosphate/fructose-6- 
phosphate. For example, if this ratio is 100, the [ATP]/[ADP] ratio would 
be 0-1, if the PFK reaction was at equilibrium.) 

The maximal catalytic activities of phosphorylase and phosphofructo- 
kinase in skeletal muscle are very high, approximately 100 umol/min/g 
muscle(Table4.1),so that the total glycogen reserve of the muscle (20-30 pmol) 
could be degraded to hexose phosphates in less than a minute, and the PFK 
reaction might approach equilibrium within several minutes. From these 
simple calculations the need for a rapid reversal of the activation of phos- 
phorylase, as well as the need for efficient resynthesis of glycogen in muscle 
should be obvious. 


(v) Effect of cyclic 3',5-АМР on protein kinase. Protein kinase is activated 
by cyclic AMP. Recent work has shown that the enzyme is composed of a 
regulatory subunit which binds cyclic AMP and a catalytic subunit in 
which the active centre of the enzyme is located.?? The evidence suggests 
that when the regulatory and catalytic subunits are associated, the enzyme 
is inactive whereas when the catalytic subunit is dissociated from the 
regulatory subunit, it is active. The binding of cyclic AMP to the regulatory 
subunit in the enzyme complex causes dissociation and therefore increases 
the activity of the enzyme. 


R-C + cyclic AMP & R-cyclic AMP + C 


This equilibrium reaction provides the means by which changes in the 
concentration of cyclic AMP modify the activity of protein kinase. At 
present this type of mechanism is unique in metabolic regulation. However, 
these are very recent findings and it is possible that in the living cell the 
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dissociation of the R-C complex does not occur upon activation of the 
enzyme. The conformational change that is produced by binding cyclic 
AMP may cause dissociation only under the conditions of the in vitro 
experiment. 


(c) Regulation of phosphorylase a phosphatase 


An entirely plausible theory for the control of muscle glycogenolysis has 
been constructed without reference to the regulation of phosphorylase a 
phosphatase. It has been tacitly assumed that the activity of the phosphatase 
is regulated solely by the concentration of its substrate, phosphorylase a. 
In this case, if the activity of the phosphatase was of the same order as that 
of the kinase, the conversion of a large proportion of b to a would be 
improbable. Obviously a concerted control mechanism, in which the 
phosphatase is inhibited when the kinase is activated, would be highly 
advantageous. Hence, phosphorylase a phosphatase has been the subject 
of several studies but these have proved far less rewarding than those on the 
kinase system. 


(i) Properties of phosphorylase a phosphatase. Phosphorylase a phosphatase 
has so far resisted all attempts at complete purification : even after a 1,000- 
fold enrichment it remains heterogeneous. The enzyme sediments with a 
particulate fraction in which it is bound to glycogen. Hydrolysis of this 
glycogen releases two soluble proteins of molecular weights 66,000 and 
33,000. Both of these proteins possess similar enzymic properties and they 
may represent different aggregates of the same protein. The only significant 
property of the soluble enzyme is its inhibition by AMP (or IMP). The 
cause of this inhibition is apparently an interaction between AMP and 
phosphorylase a. This is a rather unusual case of a regulator acting by 
modifying the structure of the substrate rather than the enzyme. 
Preliminary work on fairly crude extracts of pigeon breast muscle implies 
that there are two interconvertible forms of phosphorylase a phosphatase: 
active and inactive. Activation is achieved by the addition of ATP and 
Mg?* ?? This activation process is inhibited by very low concentrations of 
cyclic AMP. These properties of the muscle enzyme are very similar to 
those reported for the phosphorylase a phosphatase from adrenal cortex, 
but the work on muscle is obviously in the very early stages and caution 
must be exerted in the interpretation of the data. Nevertheless, itis tempting 
to speculate that this effect of cyclic AMP on the phosphatase provides the 
basis for a concerted mechanism of control of both the phosphorylase 


interconverting enzymes. 

(ii) Control of phosphorylase a phosphatase in the glycogen particulate complex. 
Particles may be isolated from muscle which consist of a complex of sarco- 
plasmic reticulum, glycogen, phosphorylase, phosphorylase b kinase and 
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phosphorylase a phosphatase as well as a number of other enzymes.'® 
In this complex both phosphorylase and phosphorylase b kinase are inactive. 
Low concentrations of Ca? * ions cause activation of phosphorylase b kinase 
(see the following section for full discussion of Ca?* and control of phos- 
phorylase activity). The addition of 107° M Ca?* and ATP-Mg?* causes 
immediate conversion of phosphorylase b to a. When all the ATP has been 
utilized phosphorylase returns to the b form and addition of more ATP 
causes a further short-lived activation (‘flash activation’). Apparently, 
phosphorylase a phosphatase is inhibited as much as 75% during the 
activation of b kinase and at the end of the activation its activity is restored 
and phosphorylase a is converted to phosphorylase b. It can be shown that 
this inhibition is not caused by AMP production (the only known regulator 
of the soluble enzyme). 

Such a ‘flash-activation’ may also be triggered by the addition of 10 ^ M 
cyclic AMP instead of Ca?* to the system containing ATP-Mg?*. Again 
phosphorylase a phosphatase is inhibited during the activation and this 
inhibition is not caused by AMP. Since purified (but not homogeneous) 
preparations ofthe phosphatase are not inhibited by cyclic AMP, ATP-Mg? * 
or Ca?*, the enzyme must either exist in two enzymatically interconvertible 
forms (as suggested in (i) above) or glycogen and its degradative enzymes 
are all involved in a highly organized complex in which the conformational 
changes involved in activation of b kinase automatically result in inhibition 
of the phosphatase. Whichever explanation is correct, it is likely that a 
concerted on-off mechanism for the control of glycogenolysis operates in 
vivo. 


4. Nervous control of phosphorylase activity 
(a) Introduction: common control of muscle contraction and glycogenolysis 


The observation that phosphorylase b kinase could be activated by Ca? * 
ions (see p. 162) led to the development of another theory for the control 
of glycogenolysis in muscle. This theory arose out of the firmly established 
role of Ca” as the chemical link between nervous excitation and the 
initiation of the contraction process in muscle (see below). The idea is that 
the activation of contraction and the simultaneous activation of the bio- 
chemical pathways that provide the energy for contraction (glycogenolysis 
and glycolysis) might both be brought about by a change in a single regulator 
(Ca**). The possible involvement of Ca?* in the control of glycolysis has 
been discussed in the previous chapter (Section D.4(b)): the role of Ca?* 
in control of muscle contraction and glycogenolysis is described below. 


(b) The regulation of muscle contraction by Ca?* 


In muscle contraction, Ca?* provides the link between the excitation of 
the muscle by the action potential and the activation of the myofibrillar 
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ATPase. Some knowledge of the structure of striated muscle is necessary 
for an appreciation of the problems involved in the control of the contraction 
process. 


(i) The morphology of striated muscle. This description of the structure of 
striated muscle is extremely brief and may be supplemented with one of the 
many reviews on this topic (see, for example, references 31 and 32). Striated 
muscle is known to consist of regular arrays of two types of protein filament, 
A and I, which consist mainly of the proteins myosin and actin, respectively 
(see Figure 4.14). As the muscle contracts, the I filaments move further into 


Sarcoplasmic 


, reticulum 
i 


Mitochondrion 


Figure 4.14. A diagrammatic representation of part of a muscle fibre 


the spaces between the A filaments, so that the length of overlap is greater 
and there is shortening of the total length of the bundle of filaments and 
hence, of the muscle as a whole. A complete muscle fibre consists of many 
myofibrils separated from each other by longitudinal regions containing 
mitochondria and the vesicular sarcoplasmic reticulum. Electron micro- 
graphs of sections of striated muscle show the presence of invaginations of 
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the plasma membrane to form narrow tubules which project radially into 
the fibre." These tubules (T-system) occur repeatedly along the length of 
the fibre in register with the myofibrillar striations. Closely associated with 
the tubules are the terminal cisternae of the sarcoplasmic reticulum. There 
is probably a functional link between the transverse tubules and these 
vesicles. The close association ofthe transverse tubules and a pair of cisternae 
produces a system of easily recognizable structural units, which are known 
as triads (Figure 4.15). 


Figure 4.15. Electron micrograph of leg muscle of the water bug showing 

the structure of a triad. T.S. pleurotrochanteral muscle of Lethocerus 

cordofanus showing the regular array of A- and I-filaments and the T- 

system (T), a triad (Tr) and the sarcoplasmic reticulum (SR). The electron 

micrograph was kindly supplied by Dr M. Cullen of the A.R.C. Unit, 
Zoology Dept, Oxford 


(ii) The regulation of contraction and relaxation in muscle. The discovery of 
the T-system provided the answer to the problem of how changes initiated 
by the action potential along the cell membrane could rapidly produce 
effects on the myofibrillar system in the interior of the fibre. A. V. Hill? 
showed that inward diffusion of an activating substance from the extra- 
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cellular space could not take place sufficiently rapidly in a striated muscle 
cell to account for the speed of contraction following the arrival of the 
action potential. However, if the depolarization of the plasma membrane is 
conducted into the interior of the fibre along the membranes of the T-system, 
the rapidity of the contractile response is explained. In general, it is found 
that the more rapid is the response of the muscle, the more extensive is its 
T-system.?! 

Several lines of evidence now indicate that this depolarization of the 
T-system membrane somehow causes a release of Ca?* from the vesicles 
of the sarcoplasmic reticulum which are in close contact with the tubules. 
As a result, the concentration of Ca?* in the sarcoplasm, which surrounds 
the actin and myosin filaments, is increased and this causes a stimulation 
of the enzyme known as myofibrillar (or actomyosin) ATPase. The energy 
derived from ATP hydrolysis is utilized for the microscopic changes within 
the filaments that are responsible for the process of contraction. Relaxation 
of the muscle is brought about by a reduction in the sarcoplasmic Ca? * 
concentration which decreases the activity of the myofibrillar ATPase. 
The fall in the sarcoplasmic concentration of Ca** occurs because there 
is a continual removal of these ions by the sarcoplasmic reticulum. This 
uptake is an energy-requiring process and Ca?* ions are accumulated within 
the reticulum against a concentration gradient. The effect of the action 
potential may cause a transitory increase in the permeability of the sarco- 
plasmic reticulum to Ca? * ions so that their passive release down the mas- 
sive concentration gradient is markedly accelerated for a very short period 
of time. The result is that a pulse of Ca? is released into the sarcoplasm. 
Immediately after the action potential has passed, the status quo is restored : 
the rate of active uptake of Ca?* once more exceeds the rate of release and 
the sarcoplasmic concentration gradually falls (see references 34, 35 and 36 
for reviews). The sarcoplasmic reticulum has the ability to reduce the concen- 
tration of Ca?* in the sarcoplasm to 1078 M or lower. The effect of the 
action potential is to increase the concentration of Ca?* in the sarcoplasm 
to 1079 M or higher. This range of Ca?* concentration (10-8 M to 107 M) 
is precisely the range which in vitro activates myofibrillar ATPase. Therefore, 
there is strong evidence for a physiological role of this activating effect 
Db Ca2*, 

It may seem somewhat incongruous that changes in Ca?* concentration 
in a specific compartment of the cell (the sarcoplasm) can be accurately 
determined when it is not possible to determine the changes in many other 
cellular constituents (such as ATP) in that compartment. However, the 
process of muscular contraction is unusual in that the control mechanism 
is fairly amenable to experimental investigation. In particular, three types 
ofexperiment provide information on the magnitude of the changes in Ca? * 
concentration during contraction and relaxation. 
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(a) A number of in vitro preparations of the contractile system of muscle 
(for example, purified actomyosin, glycerol extracted fibres and myofibrils) 
can be made to contract and to perform work if provided with ATP and 
Ca?* . In particular, they respond to an increase in Ca? * concentration from 
107 to 1079 M (see reference 37 and Figure 4.16). 
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ATPase (mole P; та“! min!) 


1079 1078 107 1076 105 1079 1078 107 10° 1075 
Са?* concentration. (М) 

Figure 4.16. Effect of Са? + concentration on the ATPase activity of 
myofibrils from the honey-bee (a) and the locust (b). Protein concentra- 
tions, honey-bee leg 0-17 mg/ml, flight 0-11 mg/ml; locust leg 0-26 mg/ml, 
flight 0-27 mg/ml. Triangles, flight muscle; circles, leg muscle. (Repro- 
duced from R. Tregear, Proc. Roy. Soc., B169, 229 (1968) (Figure 2) by 
permission of The Royal Society, London) 


(b) Itis possible to buffer the Ca? * concentration by the use ofa compound 
with a high affinity for Ca?* (for example, EGTA). Such buffers are similar 
in principle to H* buffers and are particularly useful for maintaining a 
reasonably precise concentration of Ca?* when the absolute concentration 
is very low. Buffered solutions of Ca?* have been injected into single muscle 
fibres in the crab Maia squinado.?* These classic experiments demonstrated 
that contraction of the intact muscle fibre occurs when the injected solutions 
contained Са" buffered at about 1075 М. Also, the application of similar 
concentrations of Ca?* to the surface of frog muscles, which had had the 
sarcolemma removed by microdissection (skinned fibres), caused contraction : 
this effect was reversible, indicating that the applied Ca?* was rapidly 
removed from the myofibrillar region.3? 

(c) Two calcium ‘indicators’ cdm been extremely useful in providing 
evidence for the intracellular role of Ca?*. They are known as murexide, 
whose absorption spectrum changes upon binding Ca?*, and aequorin, a 
compound which fluoresces when it binds Ca?*. If murexide is injected 
into toads it finds its way into the muscle fibres ;aequorin, on the other hand, 
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has been microinjected into large barnacle muscle fibres. Isolated preparations 
of muscle fibres that contain these indicators can be electrically stimulated 
and the spectral or fluorescence change in the specific compound followed. 
Such experiments have shown that the spectral or fluorescence change 
occurs before the increase in tension and the extent of this change is propor- 
tional to the amount of tension that is developed.*?*! 


Finally, calculations show that the concentration of Ca? * inside the reticulum 
during relaxation must be about 1073 M in order to account for the size of 
the Ca?* pulse when the muscle is stimulated. In vitro experiments with the 
sarcoplasmic reticulum have shown that it is indeed able to accumulate 
Ca?* to such a concentration. Also the rate of removal of Ca?* by the 
sarcoplasmic reticulum in vitro (about 60 што! Ca?*/min/mg protein) is 
sufficient to account for the speed of relaxation observed in vivo.?*?5:36 
Thus, there can be little doubt that Ca?* is responsible for the control of 
contraction and relaxation in muscle. 


(c) The control of phosphorylase b kinase by Са? * 


Electrical stimulation of isolated muscle preparations results in accelerated 
glycogenolysis which is accompanied by an increase in the proportions of 
both phosphorylase and phosphorylase b kinase in the active forms. Since 
there is no change in the intracellular content of cyclic AMP under these 
conditions, this compound cannot be responsible for the activation of b 
kinase (Table 4.6).25 The earlier work on the activation of b kinase by 
Ca?* in vitro* coupled with the knowledge that changes in the intracellular 
Ca?* concentration control the contraction process of muscle (see above), 
suggested that the increase in activity of b kinase caused by electrical 
stimulation was due to the increase in the concentration of Ca?^* in the 
sarcoplasm. Unfortunately there were two major problems associated with 
this simple extrapolation of in vitro properties to the control of phosphorylase 
bkinase within the muscle fibres. First, the concentration of Ca?* that caused 
activation of phosphorylase b kinase in vitro was about 107? M, whereas 
an extremely low concentration of Ca?* (1077 to 1079 M) is required for 
the stimulation of muscle contraction (see above). Second, the activation of 
phosphorylase b kinase by Ca?* was irreversible: after incubation with 
Ca?*, addition of chelating agents (EDTA, EGTA) did not decrease phos- 
Phorylase b kinase activity. At this stage of the investigations it was question- 
able whether this Ca?* effect on b kinase had a physiological basis. Such 
doubts were reinforced when it became apparent that the protein. factor 
that was necessary for the activation by Ca?* (a so-called “kinase activating 
factor' or KAF) was probably an intracellular proteolytic enzyme dependent 
upon Ca?* for its activity. (The in vitro effect of 107° М Ca?* was probably 
Similar to the effect of trypsin—see p. 162.) 
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If the Ca?* effect was unphysiological, there remained the question of 
the factor responsible for the increased b kinase activity when muscle 
was electrically stimulated. The problem was solved by Ebashi and his 
coworkers.*? They found that phosphorylase b kinase is activated by Ca? * 
at about 1077-1076 M. In order to show this it was necessary to remove 
all traces of contaminating Ca?* from the assay system. In all previous 
experiments there must have been sufficient Ca? * present to cause complete 
activation so that any further activation was not detected until the Ca?* 
concentration reached 10^? M, when proteolytic activation occurred. The 
use of Ca?* -EGTA buffers allowed the concentration of added Ca?* to be 
carefully controlled in the range 1078-1075 M. The effect of increasing the 
concentration of added Ca?* is shown in Figure 4.17. This activation by 
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Figure 4.17. Ca?*-dependent reversal of the inhibition of phosphorylase b kinase by 
sarcoplasmic reticulum. The initial reaction mixture contained the following com- 
ponents: phosphorylase b, 100,000 Cori units per ml; ATP, 1-4 mM; magnesium 
acetate, 4-6 mM; Tris, 20 mM ; and glycerol-P, 30 mM. The mixture was warmed to 
30°C and the reaction started by the addition of 2.0 ug/ml of nonactivated phos- 
phorylase b kinase. The reaction was run at pH 7.6 with aliquots being taken at intervals 
for the determination of phosphorylase a activity. At 70s of reaction time freshly 
isolated sarcoplasmic reticulum (SR) was added at a final concentration of 2.7 mg of 
protein per ml. Curve A represents a control without added sarcoplasmic reticulum. 
Curve B represents the effect of sarcoplasmic reticulum upon phosphorylase b kinase 
before and after the addition of 5 x 107 * M Ca?*. The latter curve is corrected for a 
control run in the absence of added phosphorylase b kinase“ 


low concentrations of Ca** (unlike the effect at 107? M) is reversible and 
does not require any additional protein factor. The early results of Ebashi 
and coworkers were confirmed and extended by Krebs and coworkers.** 
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They have shown that both active and inactive phosphorylase b kinases 
are stimulated by low concentrations of Ca?*. Thus, there is substantial 
evidence that the in vitro effects of 107 7-1075 М Ca?* on phosphorylase b 
kinase activity are of physiological importance. 


5. Summary 

There are three main mechanisms by which the activity of phosphorylase 
is controlled in muscle: metabolite control, hormonal contro! and nervous 
control. 


(a) Metabolite control 


Phosphorylase b can be controlled by changes in the concentrations of 
ATP, AMP, P, or glucose-6-phosphate. This is considered to be a primitive 
mechanism of control in which factors that increase the utilization of energy 
by the muscle (such as contraction) will increase phosphorylase activity 
in concert with the change in activity of PFK, so that glycogenolysis and 
glycolysis will be stimulated simultaneously. The mechanism is therefore 
independent of hormonal or nervous control. 


(b) Hormonal control 


Muscle phosphorylase activity is controlled by adrenaline, whose action 
mobilizes the carbohydrate stores for anticipated mechanical activity (such 
as flight from a predator). This is brought about by a stimulation of adenyl 
cyclase which results in an increase in cyclic AMP and activation of protein 
kinase. Active protein kinase catalyses the phosphorylation of inactive 
phosphorylase b kinase to form active phosphorylase b kinase, which in 
turn catalyses the phosphorylation of phosphorylase b to phosphorylase a. 
Hence, glycogenolysis is stimulated. Thus, for a short period of time, the 
primitive control of phosphorylase is bypassed and glycogen is degraded 
despite high concentrations of ATP and glucose-6-phosphate. 


(c) Nervous control 

The conduction of a nervous impulse to a muscle results in the generation 
of an action potential along the plasma membrane and this is conducted 
into the interior of the muscle by means of the T-system. Information is 
then transferred (by some mechanism as yet unknown) to the sarcoplasmic 
reticulum causing the release of Ca?* which simultaneously activates the 
myofibrillar ATPase system (resulting in contraction) and phosphorylase b 
kinase. Thus, the cyclic AMP-protein kinase system is bypassed and both 
inactive phosphorylase b kinase and active phosphorylase b kinase (which 
may already have been formed in response to adrenaline secretion) are 
stimulated by Ca?* ions. As a result phosphorylase b is converted to phos- 
phorylase a and glycogenolysis is stimulated. 
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E. CONTROL OF GLYCOGEN SYNTHESIS IN MUSCLE 


1. Historical introduction 


The reactions involved in the pathway of glycogen synthesis and the 
evidence which indicates that glucosyltransferase is a regulatory enzyme 
for this pathway have been described in Section A. Only two years after 
glucosyltransferase was discovered it was found to be activated by glucose-6- 
phosphate.** This property provided the basis for a theory of control of the 
enzyme activity through changes in the intracellular concentration of glucose- 
6-phosphate. More recently this enzyme has been shown to exist in two 
enzymatically interconvertible forms, one of which requires glucose-6- 
phosphate for activity, whilst the other is active in its absence. The proportion 
of the enzyme in either form depends upon the activities of the intercon- 
verting enzymes and these can be modified by certain hormones, particularly 
insulin. 

As early as 1926, Best and coworkers observed that insulin could increase 
the amount of glycogen in muscle in an eviscerated animal. In 1940, Gemmill 
showed that with the incubated rat diaphragm as much as 92 % of the ‘extra’ 
glucose taken up in the presence of insulin could be converted to glycogen 
(see reference 45 for a review of this early work). This was the first indication 
that insulin could have a specific effect upon glycogen synthesis. However, 
the demonstration that insulin could stimulate the membrane transport of 
glucose into the muscle cell suggested that many, if not all, of the observed 
effects of insulin could be explained through its action on the membrane. 
Consequently, the early experiments of Gemmill on glycogen synthesis 
were largely ignored. In 1959, Larner and colleagues confirmed the work of 
Gemmill and also demonstrated that increasing glucose uptake by raising 
the external concentration of glucose did not stimulate glycogen synthesis 
to the same extent as did іпѕшіп.*6 A year or so later, Villar-Palasi and 
Larner showed that after treatment of the rat diaphragm with insulin the 
activity of glucosyltransferase in extracts of the diaphragm was markedly 
increased. However, this stimulation was only observed when the assays 
were performed in the absence of glucose-6-phosphate: in the presence of 
this compound, the activity of the transferase was increased, but the effect 
of insulin was no longer apparent. The activity of the enzyme assayed in 
the absence of glucose-6-phosphate was concluded to be entirely due to a 
form of the enzyme which was independent of glucose-6-phosphate (the 
so-called I form), whereas the activity in the presence of the compound was 
due to the total enzyme activity—that is, independent plus dependent forms 
(I + D). The fact that insulin did not increase the total activity of the enzyme 
suggested that it increased the proportion of the enzyme in the independent 
form.** The two forms were eventually isolated and their characteristic 
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properties studied (see Table 4.8). The main difference between the two forms 
is that, in the absence of glucose-6-phosphate, the maximum catalytic 
activity of the D form is very much smaller than that of the I form.*" Since 
these earlier studies, research has concentrated on the isolation and properties 
of the interconverting enzymes. Also the properties of glucosyltransferase-D 
have been studied in greater detail. 


Table 4.8. The effect of glucose-6-phosphate on the Km and Vmax values for the 
dependent (D) and independent (I) forms of UDPG-glucosyltransferase*’ 


Independent form Dependent form 
Glucose- Glucose- 
No addition _ 6-рћозрћаје Мо addition — 6-phosphate 


K,, for UDP-glucose 


(mM) 10 02 06 0-4 
V max (umol/mg 
protein/hr) 23 23 0:27 1:80 


2. Properties and theory of regulation of glucosyltransferase-D 


The dependent form of glucosyltransferase is activated by low concen- 
trations of glucose-6-phosphate (К, < 0-1 mM) and, since the concen- 
tration of glucose-6-phosphate in muscle can be calculated to be between 
0-2 and 04 mM (0-2 umol/g fresh muscle), it would be expected that this 
form of the enzyme would always be active in vivo. However, glucosyltransfer- 
ase-D is inhibited very strongly by ATP, ADP and inorganic phosphate.** 
Glucose-6-phosphate overcomes the inhibition by ATP, etc., but only when 
it is present at high concentrations (above 10 mM). Thus, it can be concluded 
that under most physiological conditions the D form of the enzyme is almost 
totally inactive. 

In contrast, the I form of the enzyme shows only a small degree of inhibition 
by ATP, ADP and Р; and this inhibition appears to be independent of the 
concentration of glucose-6-phosphate. The maximum difference in activities 
between the two forms of the enzyme in the presence of 6mM ATP occurs 
when the glucose-6-phosphate concentration is within the physiological 


range (0.2-04 mM). 


3. Evidence for enzymatic interconversions of glucosyltransferase 


The incubation of a fresh muscle extract for about 30 minutes causes a 
transition of glucosyltransferase-D into the I form. (The two forms are 
easily distinguished by their behaviourin the absence of glucose-6-phosphate, 
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when only the I form is measured, and in the presence of glucose-6-phosphate 
when the activity of both forms is measured.) Addition of ATP-Mg?* to 
incubated extracts stimulates the reverse process—that is, the I form is 
converted to the D form. These observations suggested that the D-to-I 
conversion involves a phosphatase enzyme, whilst the I-to-D conversion 
involves a phosphokinase enzyme. This was confirmed as follows: after 
centrifugation of muscle extracts at 100,000g for 1 hour, the supernatant 
contains the glucosyltransferase and phosphokinase activities, but the 
phosphatase activity (D-to-I conversion) is not present.*? Incubation of 
this supernatant preparation with ATP labelled with ??P in the у (terminal) 
phosphate group resulted in the incorporation of ??P from ATP into protein 
(presumably glucosyltransferase). This incorporation accompanied the 
I-to-D transition. The labelled protein was purified on a DEAE-cellulose 
column and the radioactivity was found to be in the same fractions as the 
glucosyltransferase activity. Finally, the incubation of this partially purified, 
labelled glucosyltransferase with fresh muscle extract (which contains the 
phosphatase activity) resulted in the transition of glucosyltransferase-D to I, 
and the formation of the I form paralleled the release of labelled P;. Thus, 
the interconversions of glucosyltransferase can be summarized as 
follows: 


Glucosyltransferase-I + nATP 
glucosyltransferase-D + nADP 


slucosyltransferase-I kinase 


Glucosyltransferase-D glucosyltransferase-I + nP; 


аа оаа е 
glucosyltransferase-D phosphatase 


Two important points were established from this work. First, the activity 
of glucosyltransferase could be regulated by enzymatic interconversions 
in a similar manner to that of glycogen phosphorylase. Second, the two 
systems differed in one very important aspect: activation of glucosyl- 
transferase (D-to-I conversion) occurs via a phosphatase reaction and 
inactivation occurs via a kinase reaction. This is the opposite situation to 
that in the phosphorylase system and it immediately suggests a mechanism 
for simultaneous activation of phosphorylase and inhibition of glucosyl- 
transferase, and/or vice versa (see Figure 4.18). 

The possibility that transferase-I kinase and phosphorylase b kinase 
might be the same enzyme was naturally investigated and it was established 
that this was not the case;*° neither did the two phosphatases possess a 
common identity. Nonetheless, the exciting prospect of a common control 
mechanism for both phosphorylase and glucosyltransferase has now been 
established (see below). 
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Figure 4.18. Control of phosphorylase and glucosyltransferase 

via enzyme interconversions and cell metabolites. (1) Phosphoryl- 

ase a phosphatase. (2) Phosphorylase b kinase. (3) Glucosyl- 
transferase-I kinase. (4) Glucosyltransferase-D phosphatase 


4. Properties and theory of regulation of glucosyltransferase-D phosphatase 


There has been little work done on the purification of glucosyltransferase-D 
phosphatase. However, one important property of the enzyme is known: 
its activity in crude extracts is inhibited by glycogen in a concentration- 
dependent manner. Such inhibition can explain the results of Danforth who 
demonstrated that in rat skeletal muscle there is an inverse relationship 
between the glycogen content of the muscle and the proportion of transferase 
in the I form. As the glycogen content of the muscle is increased, the activity 
of the phosphatase is decreased, so that more of the enzyme will exist as 
the inactive D form.?! This represents a feedback regulatory mechanism 
for control of glycogen synthesis since, as the glycogen stores are increased, 
more of the glucosyltransferase is converted to the inactive form. Unfortun- 
ately, the mechanism by which glycogen is able to inhibit the phosphatase 
does not appear to have been studied in any detail. 


5. Properties and theory of regulation of glucosyltransferase-I kinase 


(a) Glucosyltransferase-I kinase and protein kinase 


Ithas recently been discovered that protein kinase and glucosyltransferase-I 
kinase are the same enzyme.’ The common identity of the glucosyltrans- 
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ferase-I kinase and phosphorylase b kinase kinase (protein kinase) was 
established by the following findings. First, the protein kinase activities 
towards glucosyltransferase-I, phosphorylase b kinase and casein increase 
equally at each stage of purification. Second, an inhibitor of the cyclic AMP 
stimulation of protein kinase activity is present in skeletal muscle and this 
inhibitor affects equally the phosphorylation of glucosyltransferase-I and 
phosphorylase b kinase. Third, heat treatment decreases both phosphoryla- 
tion activities in a parallel fashion. Finally, both phosphorylation activities 
exhibit similar specificities towards cyclic nucleotide activation. It 
has been established also that protein kinase phosphorylates glucosyl- 
transferase-I directly? (that is, no other interconverting enzyme is involved). 
This discovery, that protein kinase phosphorylates both glucosyltransferase 
and phosphorylase b kinase, links the control of glycogen synthesis with 
that of glycogen degradation: protein kinase is the enzyme which phos- 
phorylates (and therefore activates) phosphorylase b kinase, and this in 
turn activates phosphorylase. Stnce protein kinase also phosphorylates (and 
therefore inhibits) glucosyltransferase, it follows that whenever protein 
kinase is activated by an elevation in concentration of cyclic AMP, glyco- 
genolysis is switched on and glycogen synthesis is simultaneously switched 
off (Figure 4.19). 
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Figure 4.19. Thecommon control of phosphorylase and glucosyl- 
transferase by protein kinase 
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This conclusion is supported by the observation that, in rat diaphragm, 
adrenaline causes a decrease in the amount of glucosyltransferase-I** and it 
is presumed that this is caused by the conversion of some of the I form into 
D form. Unfortunately, the situation is complicated by the fact that there is a 
decrease in total (I + D) glucosyltransferase in the presence of adrenaline** 
so that it cannot be claimed unequivocally that adrenaline causes the con- 
version of I to D. However, the fact that protein kinase, which catalyses this 
I-to-D conversion, is sensitive to cyclic AMP strongly supports the conclusion 
that adrenaline inhibits the glucosyltransferase activity by stimulation of the 
I-to-D conversion. The reason for the decrease in total activity (I + D) with 
adrenaline is unknown, although it would appear to be a physiologically 
important effect since it is reversed by insulin. 


(b) Regulation of protein kinase by insulin 


Insulin, when added to intact muscle preparations, stimulates the conver- 
sion of glucosyltransferase-D to the I form. Eithera stimulation of transferase- 
D phosphatase or an inhibition of transferase-I kinase would explain these 
observations. Since little is known of the properties of the phosphatase, it 
has been largely ignored and attention has been focused upon the properties 
of transferase-I kinase (protein kinase). The significant property of this 
enzyme is that it is activated by cyclic AMP. However, it seems unlikely that 
insulin influences the activity of protein kinase through direct effects on the 
intracellular concentration of cyclic AMP. First, insulin does not change 
the cyclic AMP content of muscle,5555 although it has been observed to 
decrease the content in adipose tissue and liver. Second, insulin does not 
antagonize the action of adrenaline on the conversion of phosphorylase 
b to a.5* 

Nevertheless, insulin somehow modifies the catalytic activity of protein 
kinase in muscle. The first clue to the nature of this effect was provided by 
the work of Villar-Palasi and Wenger," who obtained evidence for the 
existence of two forms of protein kinase (glucosyltransferase-I kinase) in 
muscle. They found that one form of protein kinase was active only in the 
presence of cyclic AMP, whereas the other form was active even in the 
absence of cyclic AMP. The proportion of the two forms of the enzyme in 
the muscle could be altered by the administration of insulin : the amount of 
the cyclic-AMP-dependent form is increased by insulin. Since insulin does 
not change the total concentration of cyclic AMP in muscle, the result is a 
decrease in the activity of protein kinase, a conversion of transferase-D 
into transferase-I and a consequent increase in glycogen synthesis. 

The work of Villar-Palasi and Wenger was carried out before it was 
known that glucosyltransferase-I kinase was the same enzyme as protein 
kinase. When this common identity was discovered, it became apparent 
that insulin could modify the activity of protein kinase via the changes in 
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the equilibrium which probably exists between the associated complex of 
the regulatory and catalytic subunits and the dissociated subunits. 


ЕС + cyclic AMP s R-cyclic AMP + C 


This reaction has been described in Section D.3(b)(v): RC represents the 
inactive protein kinase complex and C represents active protein kinase. 
The two forms of glucosyltransferase-I kinase isolated by Villar-Palasi and 
Wenger might be equivalent to RC and C, and the effect of insulin would 
be to modify the equilibrium of this reaction so that the formation of RC 
was favoured. This mechanism of control by insulin is consistent with the 
action of adrenaline in overcoming the insulin effect upon glucosyltransferase : 
as long as the cyclic AMP concentration is elevated sufficiently, it does not 
matter whether the transferase-I kinase is originally in the RC form or the 
C form, since conversion to the C form automatically results from the 
elevation in cyclic AMP. 

However, a number of questions remain unanswered even by these latest 
developments. Why does insulin counteract the effect of adrenaline on the 
total content of glucosyltransferase (I + D), when it does not appear to 
modify the effect of adrenaline upon the phosphorylase b to a conversion? 
Why is there no effect of insulin upon transferase-I kinase in cell-free pre- 
parations? This area of enzymology is currently being studied in a number 
of laboratories and there is little doubt that many problems like these will 
be clarified in the next few years. 

Although the mechanism of the adrenaline-insulin relationship in the 
control of glycogen metabolism is not yet fully understood at a molecular 
level, the effects of the hormones fit coherently into a physiological control 
theory. When carbohydrate is available for the replenishment of thé glycogen 
stores, the circulating levels of insulin are high. Thus, the greater proportion 
of glucosyltransferase is in the I form (active form) and glycogen is synthesized. 
In any stress-inducing situation, it is essential that the synthesis of glycogen 
should cease (at least temporarily) so that it can be mobilized to provide 
energy for contraction. Adrenaline is released in response to stress and it 
both overcomes the stimulatory effects of insulin upon glycogen synthesis 
and switches on glycogenolysis. If the danger passes, the adrenaline stimulus 
is removed and, since the insulin levels remain high, glycogen synthesis is 
immediately restored. When the carbohydrate intake is decreased (for 
example, during the diurnal fast), the circulating insulin levels fall and 
glycogen synthesis is depressed. The supreme importance of the ‘flight or 
fight' response explains why insulin plays a subservient role in the control 
of glycogen metabolism: it neither inhibits the activation of phosphorylase 
by adrenaline nor does it stimulate glycogen synthesis if the adrenaline 
levels are high. 
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CHAPTER 5 


ADIPOSE TISSUE AND THE REGULATION 
OF FAT METABOLISM 


A. GENERAL INTRODUCTION 


Adipose tissue is a highly specialized tissue which has developed particularly 
in mammals and birds for the purpose of storing fat to supply energy for the 
whole animal. White adipose tissue consists of aggregates of spherical cells 
whose most striking feature is a single large lipid droplet which in the fed 
state fills most of the cell (Figure 5.1). The somewhat flattened nucleus is 
found in the narrow band of cytoplasm around the periphery. These lipid- 
containing cells are found in many parts of the body but tend to be concen- 
trated in certain regions—for example, under the skin (subcutaneous adipose 


Figure 5.1. Interference contrast photograph of a white adipose 

tissue cell. Note the spherical lipid droplet which fills most of the 

cell. The photograph was kindly supplied by Professor C. N. 

Hales, Department of Chemical Pathology, The Welsh National 
School of Medicine, Cardiff 
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tissue) and around internal organs (heart, kidneys). The amount of sub- 
cutaneous adipose tissue varies considerably from species to species (and 
even between individuals from the same species according to the dietary 
intake) but it is approximately inversely proportional to the amount of body 
hair. 

Adipose tissue was recognized as a lipid-rich tissue many years ago, but 
until the 1930s the general view was that it consisted of connective tissue in 
which droplets of fat had been deposited. It was thought that adipose tissue 
was metabolically inert, since it appeared to possess only a meagre supply of 
nerves and blood capillaries. During the following twenty years or so evidence 
began to accumulate which suggested that, on the contrary, the tissue was 
metabolically active and had a highly specialized role to play in caloric 
homeostasis of the animal. This evidence was collated and discussed in a 
classic review by Wertheimer and Shapiro! in 1948 and is only briefly 
reiterated here. 

The transplant studies of Hauseberger showed that adipose tissue cells 
were not derived from connective tissue but from special primitive fat cells. 
Microscopy showed that the tissue possessed a liberal supply of nerves and 
capillaries. Biochemical experiments showed that adipose tissue was capable 
not only of taking up fat from the blood, but also of releasing fat (in the 
form of fatty acids) into the blood. Moreover the mobilization of fat was not 
dependent upon the concentration of fatty acids in the blood, but was under 
nervous and hormonal control. The turnover studies of Schoenheimer and 
Rittenberg? showed that although the total amount of depot fat may remain 
constant, it is continually being synthesized and degraded. 

Thus the present view of adipose tissue is that it is a highly active tissue 
whose main functions are on the one hand lipid synthesis and storage, and 
on the other the mobilization of this stored fuel for the provision of energy. 
The accumulation of fat is a highly efficient means of storing energy since 
more calories are released upon the oxidation of one gram of fat (9-3 kcal) 
than one gram of carbohydrate (3-7 kcal). This is because energy is released 
when C—C and C—H bonds are oxidized to C—O and O—H bonds and, 
since fat contains proportionately more C—C and C—H bonds than carbo- 
hydrate, more energy is obtained from the oxidation of fat. Since fat is not 
water soluble it needs no associated water for storage and fat stores contain 
almost 100% lipid. These two factors contribute to the fact that fat is almost 
nine-fold more efficient than carbohydrate as a biological energy store.? This 
means that an average 70 kg man may store sufficient fuel for at least 40 days 
of starvation. If he stored the same number of reserve calories as glycogen he 
would weight approximately 140 kg! The stored fat can supply energy not 
only for periods of prolonged starvation or hibernation, but also for sustained 
muscular activity. In man, the latter may be for an inessential activity (such as 
marathon-running), but in many animals it is essential in the constant search 
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for food and in certain species of birds, fish and insects it is vital for migration. 
It may also be important in dispersal and in mating. Although adipose tissue 
is not generally found in lower orders of animals, fat may be stored in large 
quantities in the liver, in muscle or in specialized organs like the insect fat 
body: the latter performs the combined functions of liver and adipose tissue. 

Apart from its function as an energy storehouse, adipose tissue acts as a 
mechanical buffer for the protection of delicate internal organs like the heart 
and kidneys, and as a lubricant in the joints. The subcutaneous fat provides 
not only energy but also insulation against heat loss. The distribution and 
ease of mobilization of subcutaneous fat is governed not only by nervous 
and hormonal influences but also by hereditary and sexual factors. In 
addition to white adipose tissue, there occurs in certain species (for example, 
hibernators and rodents) a brown adipose tissue which is both histologically 
and metabolically different from white adipose tissue. The metabolism of 
brown adipose tissue is discussed in Section D. 


1. Origins of stored triglyceride 

(a) Dietary fat 

(i) Absorption in the gut. The exogenous triglyceride of the diet is a major 
source of stored fat. Since the dietary triglyceride may amount to 150 g per 
day in man, the absorption of this fat through the gut, and its assimilation 
into the depot stores, is of obvious quantitative importance. Current theories 
of the mechanism of dietary fat absorption and assimilation are discussed in 
a recent review by Johnston.* In the duodenum the dietary fat is mixed with 
pancreatic lipase and bile salts. Monoglycerides and fatty acids are the main 
products of triglyceride hydrolysis and, with their production, the mixture 
separates into two phases: the oil phase contains unhydrolysed diglyceride 
and triglyceride while the clear solution contains minute (50A diameter) 
polymolecular aggregates termed micelles. These micelles consist of mono- 
glycerides, fatty acids and bile salts. The lipase continues to act upon the 
remaining triglyceride in the oil phase, most of which is eventually degraded 
to monoglycerides and fatty acids. The micelles interact in some way with the 
coating on the villi of the intestinal epithelial cells and the monoglycerides 
and fatty acids enter the cells by passive diffusion, apparently in the free form 
rather than as intact micelles (although this point is still debated) Small 
quantities of diglyceride and triglyceride may also be absorbed into the 
epithelial cells, without further hydrolysis, by virtue of their slight solubility 
in the micellar solution. 

Inside the epithelial cells triglycerides are resynthesized mainly from the 
monoglycerides and fatty acids. This is achieved by direct esterification 
involving monoglycerides and fatty acyl-CoA (Figure 5.2). Another fate is 
open to fatty acids upon entry into the epithelial cell: they may escape 
esterification and enter the portal blood unchanged. The proportion of any 
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Figure 5.2. The monoglyceride shunt pathway 
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particular fatty acid which is esterified depends upon its affinity for the 
esterifying enzymes. It appears that in general the longer chain fatty acids 
(above С, о) are esterified whilst the shorter chain ones (which are found in 
high proportion in certain foods, such as butter) tend to be conveyed to the 
liver in the portal blood. 

The triglycerides formed in the epithelial cells collect in the endoplasmic 
reticulum of these cells where they acquire a coat composed largely of protein 
and phospholipid. The resulting particles, which are commonly called 
chylomicrons, leave the cell by a process which is not clearly understood. 
They are not removed by the portal blood but enter the intestinal lymph 
vessels. Chylomicron formation and transport in the lymphatic system is 
quantitatively the more important pathway of fat absorption since 907; of 
the ingested lipid probably enters the circulation in the form of chylomicrons, 
the remaining 10% being absorbed in the form of fatty acids. 

Any fatty acids which escape esterification within the epithelial cell could 
theoretically either diffuse into the lymph vessels or into the blood capillaries. 
The available evidence suggests that only a small proportion of the fatty 
acids enter the lymph vessels: most of them enter the blood where they 
combine with albumin and are transported to the liver. In the liver these 
fatty acids may be either oxidized or utilized in the synthesis of triglyceride 
or phospholipid (see Figure 5.3). In a well-fed animal it is likely that most of 
these fatty acids will be esterified. However, the liver has a limited capacity 
for storage of triglyceride and any excess is secreted into the blood in the 
form of very-low-density lipoprotein (VLDL). The latter is a complex of 
triglyceride ánd a special protein that is synthesized in the liver. Thus, it is in 
these two forms (VLDL and chylomicrons) that the dietary lipid is made 
available via the blood stream to adipose tissue for storage. 


(ii) Uptake of triglyceride by tissues. The lymphatic fluid in the thoracic duct 
is emptied into the left subclavian vein and here the chylomicrons enter the 
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Figure 5.3. Role of the liver in the uptake and 

esterification of fatty acids derived from the gut 

or adipose tissue. TG represents triglyceride ; 
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plasma, giving it a milky appearance which clears as they are removed. The 
removal of the chylomicrons from the blood is a very efficient process, the 
half-life of the particles being about 10 minutes. The immediate fate of these 
particles has been in dispute for many years. One experimental approach 
to this problem is to inject labelled chylomicrons into the intact animal and 
study their distribution. Such experiments have indicated that the liver is an 
important site of chylomicron uptake, as much as 30% of the label appearing 
in the hepatic lipids only 20 minutes after injection of the chylomicrons. 
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Labelled lipids were also found in a number of other tissues, notably adipose 
tissue, which accounted for 10% of the injected label. There are two major 
problems involved in the interpretation of such findings. First, the presence 
of label does not necessarily indicate that the chylomicron triglyceride is 
present intracellularly, but may result from adsorption or ‘trapping’ of the 
particle within the tissue. Second, the presence of labelled triglyceride in a 
tissue does not identify that tissue as the primary site of chylomicron removal, 
since recycling of fatty acids must inevitably occur during in vivo experiments. 

Several important questions relating to the function of the liver in chylo- 
micron metabolism remain to be answered. First, is the liver normally 
responsible for the uptake of chylomicron triglyceride? Second, what 
proportion of the total uptake is due to the activity of the liver; and finally, 
is extracellular hydrolysis of the triglyceride necessary for the uptake of 
triglyceride by the liver? After a comprehensive review of the literature, 
Robinson? concludes that in the rat a maximum of 10-15% of the injected 
dose of chylomicron triglyceride may be initially taken up by the liver. 
Indeed it would seem to be physiologically desirable that the liver should take 
up at least some of the chylomicrons, in order to extract from the dietary fat 
the essential fatty acids which cannot be synthesized by the body. Such fatty 
acids are then available for specific biosynthetic purposes (such as membrane 
phospholipid formation). It would be pointless to transport essential fatty 
acids to adipose tissue for long-term storage. 

Adipose tissue and heart are both capable of chylomicron utilization in 
vitro. In these tissues the evidence for the utilization is conclusive, but the 
mechanism by which this is accomplished is disputed (see reference 6 for a 
review). The generally accepted view is that triglyceride molecules do not 
enter the cell without prior hydrolysis to fatty acids and glycerol. Thus, if the 
chylomicron triglyceride is labelled with !^C in the glycerol moiety and with 
ЗН in the fatty acid moieties, the ratio of '*C/3H within the lipid fraction of 
the tissue is considerably less than in the chylomicrons. In fact, hardly any of 
the glycerol portion of the original triglyceride appears in the tissue lipids. 
This observation indicates hydrolysis of the triglyceride prior to its storage, 
m it does not show whether such hydrolysis takes place inside or outside the 
cell. 

The enzyme, lipoprotein lipase (or clearing factor lipase), is considered 
to be responsible for the uptake of chylomicrons by adipose tissue, muscle 
and various other tissues (such as mammary gland). There is now considerable 
evidence that this enzyme resides outside the adipose tissue cells (and muscle 
cells),° probably in association with the endothelial cells of the capillary 
walls. The extracellular hydrolysis of the triglyceride contained in the chylo- 
microns and VLDL results in a local high concentration of fatty acids. These 
diffuse through the endothelial cell and into the adipose tissue (or muscle) cell 
for esterification or oxidation (see Figure 5.4). 
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Figure 5.4 


The lipoprotein lipase may be released from its location on the capillary 
wall and set free into the blood stream (or into the incubation medium in an in 
vitro experiment) by the presence of a variety of highly charged compounds 
(e.g. heparin and sulphonated dextran). This provides a useful means for 
measuring the activity of the enzyme: heparin is injected and the activity is 
measured in a sample of blood. Variations in the activity of the enzyme from 
some tissues correlate reasonably well with variations in the rate of trigly- 
ceride uptake (see reference 6 for discussion). During starvation the activity 
of lipoprotein lipase in adipose tissue is considerably decreased, while after 
refeeding it increases to even higher levels than in the fed state. Such observa- 
tions are consistent with the proposed role of the enzyme in fat deposition. 


(b) Dietary carbohydrate 

Several tissues possess the complement of enzymes necessary for the 
synthesis of triglyceride from carbohydrate. The pathways involved are 
glycolysis, in which glucose is converted to acetyl-CoA; lipogenesis, in 
which acetyl-CoA is converted into long-chain fatty acyl-CoA; and finally 
esterification, in which the fatty acyl-CoA is reacted with glycerol phosphate 
to form triglyceride. 


Glucose > > acetyl-CoA > > fatty acyl-CoA — ¬ triglyceride 


These pathways in adipose tissue have been discussed by Vaughan.” The 
process of glycolysis in adipose tissue appears to be essentially similar to 
that in muscle: any differences are related to the role of adipose tissue in the 
synthesis, storage and mobilization of triglyceride. The formation of fatty 
acyl-CoA from acetyl-CoA can be divided into two parts, the carboxylation 
of acetyl-CoA to form malonyl-CoA (catalysed by acetyl-CoA carboxylase) 
and the series of condensation, reduction and dehydration reactions starting 
with acetyl-CoA and malonyl-CoA and catalysed by a particulate enzyme 
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complex known as fatty acyl-CoA synthetase.* For example, the overall 
reaction for the synthesis of palmitate is as follows: 
(a) CH,CO-SCoA + CO; + ATP 
^ HOOC-CH;:CO:SCoA + ADP + Р, 

(b) 7HOOC-CH,-CO-SCoA + CH4CO-SCoA + I4NADPH + 14H* 

— +7CO,CH;(CH2),4COOH + 8CoA + 14NADP* + 6H;O 
There is some evidence to suggest that acetyl-CoA carboxylase is the regula- 
tory enzyme for the synthesis of long-chain acyl-CoA from acetate. The 
theory of regulation of fatty acid synthesis together with a discussion of the 
origin of the reducing power (NADPH) for fatty acyl-CoA synthesis are 
presented below. 


Long-chain fatty acyl-CoA is esterified in a series of reactions involving 
glycerol-1-phosphate (see Figure 5.5). The glycerol phosphate is produced 


CH;OH 


CHOH 


| 
CH;0( 


Glycerol phosphate] 2RCOSCoA 
ocyltronsferose| 
2CoA 


CH,OCOR 
CHOCOR 
CH;0(B 
Phosphotidate venas e 
R 
CH,OCOR 
rae 
CHOH 
Diglyceride Оа 
СоА 
CH;OCOR 
CHOCOR 
CH,OCOR 


Figure 5.5. The pathway of esteri- 
fication 
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from glucose via the glycolytic pathway. The conversion of dihydroxy- 
acetone phosphate to glycerol phosphate is catalysed by the enzyme glycerol- 
1-phosphate dehydrogenase. 


CH,OH CH,OH 
c= + NADH + Н+ 2 СНОН + NAD* 
CH,0® CH,0® 


In certain tissues (in particular the liver and kidney), the enzyme glycerol 
kinase catalyses the formation of glycerol phosphate directly from glycerol. 


CH,OH CH,OH 
СНОН + ATP» СНОН + ADP 
CH;OH CH,0® 


However, in adipose tissue this enzyme has a very low activity. Consequently, 
glucose provides all three precursors for triglyceride formation, namely 
acetyl-CoA, NADPH and glycerol phosphate. 


(i) Transfer of acetyl units across the mitochondrial membrane. In the bio- 
synthesis of triglyceride, the conversion of glucose to pyruvate occurs in the 
cytoplasm of the adipose tissue cell. The conversion of pyruvate to acetyl-CoA 
occurs within the mitochondria, whereas the synthesis of fatty acyl-CoA 
occurs in the cytoplasm (probably in association with the endoplasmic 
reticulum). Therefore acetyl-CoA must be transported out of the mito- 
chondria in order to provide the substrate for the fatty-acid synthesizing 
enzymes. Since the mitochondrial membrane is impermeable to CoA 
derivatives, various transfer mechanisms have been proposed : the deacylation 
of acetyl-CoA to acetate, which traverses the membrane and is reacylated 
by acetate thiokinase in the cytoplasm; the conversion of acetyl-CoA to 
acetyl-carnitine (catalysed by mitochondrial carnitine-acetyl transferase), 
which traverses the membrane and is reconverted to acetyl-CoA in the cyto- 
plasm; and finally, condensation of acetyl-CoA with oxaloacetate to form 
citrate followed by the transfer of citrate into the cytoplasm where it is 
cleaved to acetyl-CoA and oxaloacetate by ATP-citrate lyase (see reference 
9 for a review of these mechanisms). There is a reasonable amount of evidence 
to support the view that the most important transfer mechanism for acetyl- 
CoA is that involving citrate formation. The evidence from enzyme activity 
measurements and the distribution of these enzymes in the adipose tissue 
cell is presented in reference 10. 

The enzyme, ATP-citrate lyase, which occurs outside the mitochondria, 
converts citrate into acetyl-CoA and oxaloacetate. The acetyl-CoA is 
utilized for the synthesis of fatty acyl-CoA and the oxaloacetate must re-enter 
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the mitochondria in order to continue the transfer of acetyl-CoA. The 
mitochondrial membane is impermeable to oxaloacetate’! and therefore 
the process of re-entry cannot be direct. It is likely that oxaloacetate enters 
the mitochondria by means of the pyruvate-malate cycle (see reference 10 
and Figure 5.6). In the cytoplasm, oxaloacetate is converted to malate which 
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Figure 5.6. The pyruvate-malate cycle. (1) Glycolysis. (2) Pyruvate 
dehydrogenase. (3) Citrate synthase. (4) ATP-citrate lyase. (5) 
NAD*-linked malate dehydrogenase. (6) NADP *-linked malate 
dehydrogenase (‘malic’ enzyme). (7) Pyruvate carboxylase. (8) 
Acetyl-CoA carboxylase. (9) Fatty acyl-CoA synthetase 


is oxidatively decarboxylated to pyruvate. Pyruvate enters the mitochondria 
where it is reconverted to oxaloacetate in a carboxylation reaction catalysed 
by pyruvate carboxylase, whose presence has been demonstrated in adipose 
tissue. This cycle is obligatory for the re-entry of oxaloacetate and it results 
in the reduction of NADP* to NADPH which is utilized in the fatty acyl- 
CoA synthetase reaction. This production of NADPH in the pyruvate- 
malate cycle explains a paradox concerning the supply of reducing power 
for fatty acid synthesis (see below). 


(ii) Reducing power and the pentose phosphate pathway. The reducing power 
for fatty acid synthesis is provided by NADPH, a proportion of which is 
formed by the oxidation of glucose in the pentose phosphate pathway. The 
pathways of glycolysis and the TCA cycle produce NADH (rather than 
NADPH) and this cannot be used for fatty acid synthesis (see Chapter 7, 
Appendix 7.1). In the pentose phosphate pathway, glucose-6-phosphate is 
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oxidized to 6-phosphogluconate which is then oxidatively decarboxylated 
to form ribulose-5-phosphate : in both of these reactions NADP * is reduced 
to NADPH. The ribulose-5-phosphate can be converted back to glucose-6- 
phosphate in a series of transaldolase and transketolase reactions, the details 
of which can be found in any general biochemistry textbook. There are 
various ways of describing the stoichiometry of such a complex cycle of 
reactions; for example, the complete oxidation of one mole of glucose-6- 
phosphate can be described by the equation 


6 glucose-6-phosphate + 12 NADP* 
— 5 glucose-6-phosphate + 6CO, + 12 NADPH + 12H* + P, 


When glucose (in the presence of insulin) is the substrate for fatty acid 
synthesis, the pentose phosphate pathway appears to supply about 60% of 
the reducing power.!?:! However, this pathway is not maximally stimulated 
under these conditions since it can be increased by the addition of an artificial 
electron acceptor—for example, phenazine methosulphate.'* (The rate of 
this pathway may be regulated by the availability of the cofactor, NADP*, 
which is controlled by the rate of fatty acid synthesis—see Figure 5.7. This 


Pentose phoshate pathway 


Glucose- 6- phosphate CO2 
NADP* NADPH 
Fatty acyl- CoA Acetyl-CoA 


Fatty acid synthesis 
Figure 5.7 


may bean example of control by cofactor availability as described in Chapter 
1, Section D.1(b).) Furthermore, when adipose tissue is synthesizing fatty 
acids from glucose (in the presence of insulin) the addition of acetate leads 
to an increase in the rate of the pentose phosphate pathway and consequently 
increases the proportion of the NADPH provided by this pathway. Acetate 
is a precursor for acetyl-CoA but does not provide any reducing power so that 
the increase in demand for NADPH stimulates the pentose phosphate 
pathway. If the activity of this pathway is controlled by МАРР" avail- 
ability and if it is not maximally stimulated during fatty acid synthesis from 
glucose, why should it provide only about 60% of the required reducing 
power? The pyruvate-malate cycle provides the answer to this question. 
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One turn of this cycle produces one molecule of acetyl-CoA for fatty acid 
synthesis and 50% of the NADPH required for the reduction of this acetate 
residue in the synthetic pathway. Consequently, only 50% of the NADPH 
need be supplied by the pentose phosphate pathway. The fact that the path- 
way produces about 60% is explained by the loss of some of the malate of 
the pyruvate-malate cycle via other processes. 


(iii) Control of glycolysis in adipose tissue. The mass-action ratios for the 
glycolytic reactions in adipose tissue indicate that hexokinase and phospho- 
fructokinase catalyse reactions that are removed far from equilibrium.'”''* 
The properties of these two enzymes from adipose tissue are similar to those 
of the enzymes from other tissues, but since the content of ATP is compara- 
tively low and that of AMP is comparatively high (the [ATP]/[AMP)] ratio in 
adipose tissue is about 4, whereas it is about 50 in muscle), it is possible that 
PFK exists mainly in the de-inhibited condition. Consequently, the activity 
of PFK may be regulated primarily by changes in the intracellular concentra- 
tion of fructose-6-phosphate.'* Also, hexokinase may be regulated primarily 
by changes in the intracellular concentration of glucose. Therefore the 
activity of the membrane transport process for glucose may play an import- 
ant role in the regulation of glycolysis in adipose tissue. In accordance with 
this proposal is the fact that the transport process is activated by insulin, 
which is known to increase the rate of glycolysis and to elevate the contents 
of ис eee ere and fructose-6-phosphate in the epididymal fat 
pad.'^ 


(iv) Control of fatty acid synthesis in adipose tissue. The maximum catalytic 
activity of acetyl-CoA carboxylase is less than that of the fatty acyl-CoA 
synthetase complex.'?:?? This suggests that acetyl-CoA carboxylase catalyses 
a non-equilibrium reaction in fatty acid synthesis. However, there appears 
to be no evidence that it is a regulatory enzyme (according to the restricted 
definition given in Chapter 1, Section C.2). Nevertheless, theories on the 
control of fatty acid synthesis have been based upon two properties of acetyl- 
CoA carboxylase, namely activation by citrate?! and inhibition by long- 
chain fatty acyl-CoA.!? Thus, it has been suggested that an increase in the 
concentration of citrate and/or a decrease in the concentration of fatty 
acyl-CoA in the adipose tissue cell are responsible for increased fatty acid 
synthesis. However, the content of citrate in the epididymal fat pad is not 
changed by the presence of insulin nor is it possible to correlate changes in 
the contents of citrate or fatty acyl-CoA with changes in the rate of fatty acid 
synthesis.?? Studies on the properties of acetyl-CoA carboxylase from liver 
have cast doubt on the regulatory significance of these compounds :?? the 
activation by citrate was not observed in the presence of physiological 
concentrations of ATP; the inhibition by fatty acyl-CoA was not observed 
in the presence of palmitoyl-carnitine and, since these two compounds may 
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be maintained close to equilibrium by carnitine acyl-transferase, their con- 
centrations should always change in the same direction. 

It is possible that acetyl-CoA carboxylase (and therefore fatty acid syn- 
thesis) can be regulated by substrate (that is, acetyl-CoA) availability. In this 
case factors that regulate glycolysis could be important in the control of 
fatty acid synthesis—for example, glucose transport, HK and PFK.?* 
However, it has been shown recently that insulin can stimulate fatty acid 
synthesis from pyruvate and lactate and that this may involve control at the 
level of pyruvate dehydrogenase. This enzyme exists in two enzymatically 
interconvertible forms in adipose tissue as in other tissues (see Chapter 3, 
Section D.7) The administration of insulin to the epididymal fat pad increases 
the proportion of the pyruvate dehydrogenase in the active (dephosphory- 
lated) form. It seems likely that insulin exerts this effect by modifying the 
activity of one of the interconverting enzymes, possibly by an activation of 
the pyruvate dehydrogenase phosphatase. 


(v) Control of esterification. The pathway of esterification has been outlined 
in Figure 5.5. The fact that glycerol-1-phosphate is required for esterification 
is of particular importance in understanding the relationship between glyco- 
lysis and fatty acid mobilization in adipose tissue. Glycerol-1-phosphate is 
produced from the glycolytic pathway via reduction of dihydroxyacetone 
phosphate in the glycerol phosphate dehydrogenase reaction. (In white 
adipose tissue, the enzyme glycerol kinase has a very low activity and there- 
fore can supply little of the glycerol phosphate required in esterification.”° 
Consequently esterification is dependent on glycolysis.) 

Since pyruvate can function as a precursor for triglyceride synthesis in the 
absence of any other substrate, the glycerol phosphate that is required for 
esterification can be derived from pyruvate. The conversion of pyruvate to 
glycerol phosphate can be achieved by a partial reversal of glycolysis involv- 
ing pyruvate carboxylase and phosphoenolpyruvate carboxykinase, which 
are both present in adipose tissue.” 


pyruvate carboxylase 


CH,CO-COOH + CO, + ATP 


CO-COOH y 
| + ADP + P, 
CH,COOH 
CH; 
CO-COO NIY 
و‎ сии ши; ni CO® + GDP + CO, 
CH,COOH shee 


(vi) Sites of lipogenesis. The liver has long been known to synthesize fat and it 
used to be considered of prime importance in this respect. Only since 1950 
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has adipose tissue been recognized as an important site of lipogenesis. 
However, it has not proved possible to estimate the relative contributions 
of adipose tissue and liver in lipogenesis in vivo. The main obstacle to the 
interpretation of the results of in vivo experiments is the mobility of the lipids 
once they are synthesized. (For example, triglycerides synthesized in the liver 
are rapidly carried to adipose tissue as VLDL and therefore the measurement 
of the total lipid present in the tissue is meaningless.) Labelling experiments 
cannot provide further information since the specific activity of tissue lipids, 
following the injection of a labelled precursor, depends upon dilution within 
the tissue at all stages along the pathway as well as upon the rate of synthesis. 
Despite these difficulties, it has been suggested that adipose tissue is more 
important as a site of lipogenesis than liver.?® 


(c) Dietary protein 

Amino acids derived from protein in the diet could theoretically provide 
precursor (acetyl-CoA) for fatty acid synthesis. In vitro studies show that 6 
from !^C-labelled leucine, alanine and several other amino acids is incor- 
porated into fatty acids in isolated fat pads.?? Both ketogenic and glucogenic 
amino acids are capable of providing the acetyl-CoA required for lipogenesis. 
In vivo the main site of fatty acid synthesis from precursors derived from 
amino acids would be the liver, since this tissue is responsible for degradation 
of many of the amino acids (see Chapter 6, Section C.1). However, the.extent 
to which amino acids may be utilized for fatty acid synthesis in vivo is not 
known. This source of precursor may be particularly important in carni- 
vores, since such animals feed relatively infrequently and on a diet rich in 
protein. 


2. The lipid constituents of the plasma and their function 


The basic problem in transporting lipid materials in the aqueous medium 
of the blood is their insolubility. Living organisms have arrived at several 
elegant solutions to this problem, all of which depend upon the combination 
of the non-polar lipid molecules with certain polar compounds. Completely 
hydrophobic molecules like triglyceride are transported in large complex 
particles called micelles. These particles possess an entirely non-polar core 
consisting of triglycerides and esters of cholesterol. This core is surrounded 
by polar lipid materials (phospholipids and free cholesterol) which bind 
hydrophobically to the core and at the same time keep their polar groups (the 
phosphate groups and nitrogenous bases of phospholipids and the hydroxyl 
group of cholesterol) on the surface of the micelle either in contact with the 
polar solvent or electrostatically linked to proteins. Consequently the micelles 
are freely dispersed in the aqueous plasma. Indeed, Nature's solution to this 
problem is the envy of research workers in this field who find it impossible to 
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mimic this situation because of lack of appropriate proteins and knowledge 
of the detailed architecture of such particles. Thus, triglyceride is usually 
dispersed (‘solubilized’) for experimental purposes by treatment with chemical 
detergents (such as polyvinyl alcohol) which are often toxic to biological 
systems. 


(a) Triglyceride-containing particles 

The chylomicrons derived from the lymph and the very low density 
lipoproteins secreted by the liver are only two examples of circulating lipo- 
proteins. A brief survey of the various lipid components of the plasma and of 
their proposed functions may help to clarify a somewhat confusing situation. 
Unfortunately there are no distinct features which serve to classify a particular 
lipoprotein: there exists a whole spectrum of particles differing only slightly 
from each other in density, size and composition. An outline of the properties 
and composition of several groups of lipoproteins is presented in Table 5.1. 
Four main groups are distinguished solely on the basis of differences in 
density. In addition, two further classes have been identified and are given in 
parentheses. Bierman?? describes ‘secondary particles’, differing from both 
chylomicrons and VLDL, which he suggests are secreted by the liver follow- 
ing chylomicron uptake. Very high density lipoproteins (VHDL) have also 
been reported but it is not clear whether these particles have a physiological 
role or whether they arise merely as an artefact during the preparation of 
high density lipoproteins (HDL). 

The chylomicrons, secondary particles, VLDL and LDL are all light- 
scattering particles which give a turbid appearance to the plasma. They are 
thought to consist of a hydrophobic core of triglyceride and cholesterol 
esters surrounded by a coat of extended protein interacting with cholesterol- 
phospholipid complexes. The HDL and VHDL are much smaller and consist 
of pseudomolecular aggregates with a more definite quaternary structure. 
The only other type of plasma lipid constituent is non-esterified fatty acids 
(NEFA or FFA) which are solubilized by binding to albumin. The fatty 
acid-albumin complex is similar in density to the VHDL. 

Although ideas on the functions of plasma lipids have changed radically 
over the years, it is now considered that the various types of triglyceride- 
containing particles are involved primarily in transportation. The role of 
phospholipids and sterols is believed to be merely that of surface-active 
agents and particle-stabilizers, although cholesterol may also be transported 
in these particles. A plausible model of lipoprotein function and metabolism 
has been presented by Schumaker and Adams and is summarized in 
a simplified and slightly modified form in Figure 5.8. The evidence on 
which the theory is based has been reviewed in detail and will not be 
discussed. 
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Figure 5.8. The origin and fate of plasma lipoproteins. The tissues that are principally 
involved in lipoprotein metabolism include gut, liver, muscle and adipose tissue. Cross- 
hatching represents the extracellular portion of the liver, muscle and adipose tissue 


The theory of lipoprotein metabolism?! proposes that only the liver and 
intestinal epithelium are involved in lipoprotein synthesis for transportation 
purposes. The intestines synthesize chylomicrons and the liver synthesizes 
VLDL, the function of both these particles being to convey triglycerides to 
adipose tissue (and possibly to other tissues—muscle, for example) for storage. 
In addition, the liver also synthesizes HDL which is probably concerned 
with the transport of phospholipid and cholesterol esters to the liver once 
these compounds have been released from the chylomicrons and VLDL. The 
action of lipoprotein lipase in adipose tissue and muscle removes triglyceride 
from the core of the chylomicrons and VLDL. The particles are therefore 
reduced in size and must lose some of their hydrophilic coating if they are to 
remain as stable particles. This is effected by the conversion of hydrophilic 
cholesterol into hydrophobic cholesterol ester by the action of the enzyme 
lecithin-cholesterol acyltransferase (LCAT). This enzyme catalyses the trans- 
fer of a fatty acid residue from lecithin to cholesterol, to form a cholesterol 
ester which may enter the core of the particle or may be absorbed by the 
adipose tissue cell (Figure 5.9)?! The lysolecithin is lost to the particle and 
may be collected by the HDL (or possibly by the VHDL). The result of the 
loss of triglyceride and the esterification of cholesterol is the formation of 
LDL particles from chylomicrons and VLDL. Indirect evidence points to the 
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Figure 5.9. The lecithin-cholesterol acyltransferase reaction 


reticulo-endothelial system* as the site of catabolism of LDL. Cholesterol 
esters released during the degradation of LDL are secreted by the reticulo- 
endothelial system into the blood where they combine with the HDL and are 
conveyed to the liver. In this tissue the cholesterol esters are hydrolysed 
releasing free cholesterol which can be used for the synthesis of VLDL. 


(b) Non-esterified fatty acids: the demonstration of their significance 


Non-esterified fatty acid, which is bound onto albumin, is present in the 
blood at a very low concentration. This complex could not be fitted readily 
into the scheme of fat metabolism as it was understood in the early 1950s 
and, since it comprised only a small proportion of the total plasma lipid 
(about 2%), its metabolic role was considered to be unimportant. Once it 
was realized that the removal of chylomicrons from the plasma entailed 
extracellular hydrolysis of triglyceride, attention became focused upon the 
non-esterified fatty acid (NEFA) fraction and methods for its assay in plasma 
were devised. It was anticipated that the level of plasma NEFA might rise 
after a fat-containing meal when the triglyceride in the chylomicrons is being 
hydrolysed by lipoprotein lipase. In two separate laboratories, experiments 
were designed to test this hypothesis.??3? These experiments showed, 
somewhat surprisingly, that the plasma NEFA level was decreased after a 
meal but was elevated during starvation. Furthermore, the high plasma 

* The reticulo-endothelial system is composed of cells, lining lymph or vascular channels, 
which are capable of phagocytosis of bacteria, viruses or other foreign particles. They include 


phagocytic cells of bone marrow, spleen, liver, lymph nodes and also some mobile phagocytic 
cells which are found in the blood stream. 
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Figure 5.10. Effect of oral glucose on the plasma concen- 
trations of fatty acids. After an overnight fast, 8 normal 
young men were given 100 g of glucose?? 


NEFA level observed during starvation was rapidly depressed following the 
administration of glucose or insulin (see Figure 5.10). Gordon and Cherkes?? 
realized the full significance of such findings, namely that non-esterified 
fatty acids might be the form in which fat was liberated from adipose tissue 
and made available as an oxidizable substrate for other tissues. They also 
realized that the low concentration of NEFA in the plasma (0-3-1-0 mM or 
only 2°% of the total plasma lipid) required a high turnover rate in order to 
supply sufficient fuel to metabolically active tissues.?^ Meanwhile Havel and 
Fredrickson? published their findings on the turnover rates of various 
plasma lipid components and reported a very short half-life (of the order of 
2 minutes) for the plasma NEFA. From this data it can be calculated that in 
man 160 g fat per day at least (that is, 60% of the total caloric requirement) 
can be transported in the form of NEFA (see Table 5.2). Thus the physiologic- 
al importance of NEFA was established. 

Until this period it was not universally accepted that fatty acids could be 
oxidized directly by muscle tissue. Before 1930 there were two schools of 
thought as to how stored triglyceride was metabolized. One maintained that 
carbohydrate was the sole fuel for oxidation and fat must be converted into 
carbohydrate before oxidation. The other contended that such a conversion 
was improbable, since R.Q. measurements indicated the direct oxidation of 
fat.36 (It is now known that fat cannot be converted to carbohydrate in the 
mammalian body.) Direct oxidation of fat could be achieved either by oxida- 
tion of NEFA or by conversion of NEFA to ketone bodies in the liver. It was 
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Table 5.2. A calculation demonstrating the importance of plasma NEFA in man??35 


Concentration of plasma NEFA in starvation is 0-6 mM 
In 3 litres of plasma there are 0-6 x 3 = 1:8 mmol 
= 0-45 g fatty acid 
The fractional turnover is approximately 0-25 per minute 
Therefore the flux of fatty acids through the plasma in 24 hours is 


045 x 025 x 60 x 24 — 160g fatty acid 


The oxidation of 160 g fat provides sufficient energy to satisfy 60% of the daily energy 
requirements for the average man. 


thought that ketone bodies were the important fuel for muscles during 
starvation, although in 1945 Stadie argued strongly in favour of the direct 
oxidation of fatty acids.” Despite the fact that in 1956 strong evidence was 
presented that long chain fatty acids are an important fuel during starvation, 
the precise physiological role of plasma fatty acids, ketone bodies and tri- 
glyceride is still debated (see Chapter 7). 


B. REGULATION OF FATTY ACID MOBILIZATION 
FROM ADIPOSE TISSUE 


1. Introduction 


The fat reserves of the mammalian body are stored as droplets of trigly- 
ceride in the adipose tissue. This triglyceride must first be hydrolysed to non- 
esterified fatty acids (NEFA) before it can be transported from the adipose 
tissue to other tissues. Since the long-chain fatty acids are relatively insoluble 
in the aqueous plasma they are transported in combination with a plasma 
protein, albumin. An analogy may be drawn between the role of the albumin- 
fatty acid complex and the haemoglobin-oxygen complex, which is important 
in the transportation of a much greater quantity of oxygen than could be 
achieved through simple solution of oxygen in plasma. 


albumin + NEFA æ albumin — NEFA 
haemoglobin + О, == haemoglobin — О, 


The control mechanism involved in the hydrolysis of triglyceride stores 
has been intensively investigated. When isolated pieces of adipose tissue (such 
as the extremely thin epididymal fat pads of the male rat, or very thin pieces 
of intra-abdominal fat) are incubated, fatty acids and glycerol are released 
into the medium.?9? There is no evidence of significant rates of triglyceride 
release from adipose tissue but, somewhat surprisingly, investigations do not 
appear to have been extensive. It is generally assumed that, even if this process 
occurs, it is insignificant in relation to NEFA release. The hydrolysis of the 
triglyceride prior to the mobilization of NEFA occurs within the adipose 
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tissue cells and is catalysed by a lipase system. The triglyceride lipase of this 
system is distinct from the lipoprotein lipase, which occurs outside the 
adipose tissue cell.* The transport of fatty acids across the adipose tissue 
cell membrane seems to occur by simple diffusion and therefore the rate of 
their release is proportional merely to the concentration gradient. According- 
ly the transport of fatty acids across the membrane of the adipose cell is not 
an energy-dependent process and does not appear to be influenced by 
metabolic or hormonal factors. (However, with in vitro systems it does 
depend upon the presence of albumin in the incubation medium.) 

The hydrolysis of triglyceride to fatty acids and glycerol (lipolysis) takes 
place in a stepwise fashion, the intermediate products being diglyceride and 
monoglyceride. 


TG > FA + DG 
DG > FA + MG 
MG ¬ FA + glycerol 


The lipolysis is catalysed by at least three enzymes: triglyceride-, diglyceride- 
and monoglyceride-lipases. The activities of the latter two are 10-100-fold 
greater than the former, which suggests that triglyceride lipase is the regula- 
tory enzyme. In accordance with this idea, the activity of the triglyceride lipase 
can be increased by a number of hormones (such as adrenaline, noradrenaline 
or glucagon) whereas the activities of the diglyceride and monoglyceride 
lipases are not affected. 

The release of fatty acids by adipose tissue must obviously depend upon 
the rate of lipolysis, but this is not the only process that has to be considered. 
In particular, the re-esterification of fatty acids to form triglyceride can play 
an important role in the regulation of fatty acid mobilization. If lipolysis 
occurred in the absence of esterification, every molecule of glycerol released 
from adipose tissue would be accompanied by three molecules of fatty acid. 
However, experiments with isolated fat pads in vitro have demonstrated that 
in general much more glycerol is released than fatty acids (see Table 5.3). 
Therefore a large quantity of the fatty acids cannot be accounted for and the 
simplest assumption is that they are re-esterified to form triglyceride. This 
type of experiment, in which changes in total fatty acids and glycerol (that is, 
tissue + medium) are followed, has been termed the non-isotopic balance 
method"? for the estimation of the rates of lipolysis and esterification. (Such 
estimations assume that the rates of de novo fatty acid synthesis and fatty 
acid oxidation are so low that they can be ignored.) Further experimental 
support for simultaneous esterification and lipolysis has been obtained from 


* Lipoprotein lipase has an alkaline pH optimum, is specific for chylomicrons or VLDL 
and is inhibited by phosphate, protamine and a high salt concentration. Triglyceride lipase 
has a pH optimum of 6-7 and is not inhibited by any of these compounds. 
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Table 5.3. Non-isotopic balance method for measurement of lipolysis and esterification 
in adipose tissue from the rat*? 


Concentration (umol/g of adipose tissue) 


Glycerol Fatty acid 
Initial concentration in tissue 18 2.0 
Final concentration in tissue 0-5 0-8 
Net change in tissue —13 —12 
Initial concentration in medium 0-0 0-2 
Final concentration in medium 26 1.5 
Net change in medium 2.6 L3 
Overall change for system 13 0-1 


The initial concentrations in the tissue and the medium are obtained before the incubation. 
The final concentrations are obtained after incubation at 37 °C for one hour. The high initial 
concentrations of both fatty acids and glycerol in the tissue are probably explained by the 
effects of trauma that arise during the removal of the epididymal fat pad from the rat. The 
reduction in these concentrations in the tissue during the incubation is probably due to 
diffusion of glycerol and fatty acid into the medium. The quantity of glycerol formed during 
the incubation is a direct measure of the rate of lipolysis in the adipose tissue. If lipolysis were 
the only process under consideration, 3 molecules of fatty acid should be formed for every 
molecule of glycerol. However, in this experiment the formation of 1-3 ито! of glycerol is 
accompanied by the production of only 0-1 mol of fatty acid. Therefore it is assumed that 
3-8 umol of fatty acid is re-esterified within the adipose tissue. 


experiments in which !4C from !*C-glucose was incorporated into glyceride- 
glycerol at the same time as fatty acids and glycerol were being released into 
the medium. The conclusion is reached that both lipolysis and esterification 
occur simultaneously and therefore a triglyceride/fatty acid cycle (Figure 
5.11) operates in adipose tissue. 


Pyruvate 
Triglyceride 
3 4 
Glycerol- ©) Glycerol 
Fatty acyl-CoA 
2 
Glucose 5 
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$ Glycerol 

Figure 5.11. The triglyceride/fatty acid cycle in adipose tissue. (1) Glucose transport 

across cell membrane. (2) Glycolysis. (3) Esterification. (4) Lipolysis. (5) Activation 

of fatty acids (fatty acid-CoA synthetase). Normally, long chain fatty acids are found 

in plasma in combination with albumin and they are usually referred to as NEFA 
(non-esterified fatty acids) 
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2. The importance of the triglyceride/fatty acid cycle 


At first sight simultaneous lipolysis and esterification might seem to be an 
unnecessarily complex system for the regulation of fatty acid storage and/or 
mobilization. Furthermore, the continuous activation of fatty acids to fatty 
acyl-CoA and the provision of glycerol phosphate to maintain the triglyceride- 
fatty acid cycle requires the utilization of ATP. It might be considered more 
economical for the tissue to possess independent means of controlling the 
two systems so that they would never be simultaneously active (lipolysis 
would be inhibited when triglyceride was being synthesized and esterification 
would be inhibited during the breakdown of triglyceride). Nonetheless the 
experimental evidence strongly indicates the existence of such a cycle in 
adipose tissue and therefore its possible advantages must be considered. 
This cycle is an example of a substrate cycle as described in Chaper 2 (Section 
F.2(a)(i)) and it is somewhat analogous to the fructose-6-phosphate/fructose 
diphosphate cycle discussed in Chapter 3. One advantage of this substrate 
cycle is an increase in sensitivity of the control mechanism for fatty acid 
mobilization (in comparison to control of the lipase alone). However, there is 
another advantage that is unique to this particular cycle and is best explained 
by consideration of a hypothetical, primitive animal which does not possess 
any hormonal mechanism for the control of blood glucose or fatty acid levels. 
As far as is known, glucose (or trehalose in some insects) is the primary fuel 
for respiration in almost all animals and triglyceride is the reserve fuel. If the 
level of blood glucose were to decrease in the hypothetical, primitive animal, 
the rate of entry of glucose into the adipose tissue cell would be depressed and 
this would decrease the rate of glycolysis and lower the content of glycerol 
phosphate. The rate of esterification would be decreased and, since the lipo- 
lytic rate would remain unchanged, the intracellular concentration of fatty 
acids would be increased, resulting in increased fatty acid mobilization. The 
sequence of events leading to release of fatty acids by the adipose tissue could 
be triggered merely by a fall in the level of blood glucose, Conversely, if the 
blood glucose level were to be elevated, glycolysis, the concentration of 
glycerol phosphate and the rate of esterification would be increased and 
fatty acid mobilization would be decreased. Therefore, regulation of fatty 
acid mobilization would be achieved without any specific regulatory 
mechanisms. Such a simple mechanism reduces the possibility of error to 
a minimum. 

Although there is no evidence for such a mechanism of control in primitive 
animals (in fact, they do not appear to have been investigated), it does provide 
an explanation for the more sophisticated hormonal control that is found 
in higher animals. In mammals (and possibly other animals) the blood 
glucose concentration cannot fall by more than about 30% because of the 
continual demand for glucose by the brain and other tissues. Since changes in 
the blood glucose level are restricted, hormones must play an essential role 
in the regulation of fatty acid mobilization. In addition, they provide a means 
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of regulating the mobilization of fatty acids in response to situations which 
are unrelated to fluctuations in blood glucose (such as stress). 


3. The control of esterification 


In the case of the hypothetical, primitive animal it has been shown how 
large changes in blood glucose concentration could automatically cause 
reciprocal changes in plasma fatty acid concentration. However, in the rat 
the blood glucose concentration does not fall by more than 30%, during two 
days of starvation and this would appear to be insufficient to cause the 
marked increase in fatty acid mobilization that occurs under these condi- 
tions. During the same period the plasma insulin level is decreased by about 
80 %1 (see Table 7.3) and this hormone is known to regulate esterification. 
Insulin stimulates the membrane transport of glucose into the adipose tissue 
cell and increases the rate of glycolysis and the glycerol phosphate con- 
centration. During starvation the reduction in the plasma insulin level 
results in a decreased rate of glycolysis and a lowering of the glycerol phos- 
phate concentration. This restricts esterification and consequently fatty acid 
mobilization is stimulated. 

This theory is supported by the fact that the content of glycerol phosphate 
in adipose tissue is decreased during starvation and it is markedly increased 
when adipose tissue from a starved animal is incubated with glucose and 
insulin. There are a number of problems associated with the simple idea that 
esterification is controlled by the concentration of glycerol phosphate, which 
in turn is controlled by the membrane transport of glucose. First, there is no 
evidence that the concentration of glycerol phosphate is limiting for the 
process of esterification (the K,, for glycerol phosphate of the first enzyme in 
the pathway is not known). Second, since glycerol phosphate dehydrogenase 
catalyses a reaction which is close to equilibrium, the concentration of 
glycerol phosphate can be controlled by both the cytoplasmic (МАР 
[NADH] ratio and the concentration of dihydroxyacetone phosphate. 


Dihydroxyacetone phosphate + NADH # Glycerol phosphate + NAD* 


These quantities may vary independently of the glycolytic rate.'’ Third, the 
addition of adrenaline, fatty acids or acetate to the incubated fat pad prepara- 
tion stimulates esterification but does not increase the content of glycerol 
phosphate.*? This experiment suggests that factors other than the glycerol 
phosphate concentration can regulate esterification. Such factors remain 
unidentified at present. Nonetheless, it must be emphasized that a marked 
decrease in the concentration of glycerol phosphate could limit the rate of 
esterification and therefore variations in its concentration must always 
remain a potential mechanism of control. 

The level of circulating insulin can be decreased by about 80 % during two 
days of starvation (in man and rat), despite the fact that the fall in blood 
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glucose is no more than 30%. This large fall in the insulin level is explained 
by the fact that the release of this hormone from the pancreas is regulated 
by secretions from the duodenum as well as by changes in the blood glucose 
level. The hormones released by the duodenum include gastrin, secretin, 
pancreozymin and another factor, which is as yet unidentified, but which is 
released specifically in response to the presence of glucose in the duodenum 
(see reference 43 for a review). The secretion of these hormones is stimulated 
by the presence of protein and/or carbohydrate in the duodenum. Therefore 
the digestion of food indirectly causes a stimulation of the secretion of 
insulin from the pancreas. (This explains the somewhat surprising observa- 
tion that the oral administration of glucose elicits a greater change in the 
insulin level than intravenously administered glucose.**) The absence of food 
in the duodenum must seriously reduce the secretion of the duodenal hor- 
mones and this will be partly responsible for the marked decrease in circu- 
lating insulin concentration during starvation. 


4. The control of lipolysis 


There are several hormones (or compounds that may be described as 
hormones) that can stimulate lipolysis both in vivo and in vitro. The physio- 
logical importance of all these compounds is uncertain and some of them will 
not be referred to here. This discussion centres upon hormones which might 
be important in the stimulation of lipolysis under certain physiological 
conditions, namely stress, starvation and exercise. 


(a) The stimulation of lipolysis under stress 


Mobilization of fatty acids is known to occur in higher animals in response 
to both psychological stress (such as fear or anxiety) and physiological stress 
(such as a sudden drop in environmental temperature). Such conditions 
result in an elevation of the plasma NEFA level and this implies an increased 
mobilization of fatty acids. The available evidence strongly suggests that this 
mobilization is caused by release of noradrenaline and adrenaline. Thus, 
injection of either of these two hormones increases the concentrations (and 
rates of turnover) of plasma fatty acids and glycerol. Adrenaline and nor- 
adrenaline also increase the rate of lipolysis in adipose tissue incubated in vitro. 
Electrical stimulation of the nerves supplying adipose tissue increases lipolysis 
and this may be due to the release of noradrenaline from the nerve endings. 

Some details of the biochemical mechanism underlying the action of 
these two hormones on lipolysis in adipose tissue have now been established. 
The experimental approach follows that described in Chapter 1: the pro- 
perties of the regulatory enzyme, triglyceride lipase, are studied in vitro and 
the theory based on these properties is formulated. The theory has been 
tested with experiments involving intact adipose tissue preparations (usually 
epididymal fat pads). 
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It was anticipated that adrenaline would stimulate adeny! cyclase and 
hence raise the concentration of cyclic AMP in adipose tissue, by analogy 
with its action on muscle and liver. Sutherland and coworkers have been 
successful in showing that adrenaline does indeed increase the content of 
cyclic AMP in isolated adipose tissue preparations.** Furthermore, this 
increase is a result of the stimulation of adenyl cyclase. (This enzyme is 
probably a constitutive part of the adipose cell membrane and its activity 
can be studied in preparations of adipose cells that have lost their contents: 
these are termed fat cell ghosts and consist primarily of intact cell membranes. 
If the adipose cell membranes are disrupted and presumably the adenyl 
cyclase is destroyed, catecholamines no longer have any effect upon lipolysis.) 
The adrenaline-induced increase in cyclic AMP content precedes an increase 
in the rate of release of fatty acids. This observation implies that cyclic AMP 
is responsible for the increased lipolysis. This theory is supported by the fact 
that other agents which increase the cyclic AMP content (for example caffeine, 
which inhibits cyclic AMP phosphodiesterase) also stimulate lipolysis. 
Incubation of epididymal fat pads with dibutyryl-cyclic AMP, a fat-soluble 
analogue of cyclic AMP which readily penetrates the cell membrane, also 
results in increased lipolysis.** 

Recent work has indicated that triglyceride lipase may exist in more than 
one form.^? In fact, it has been suggested that the lipase exists in two enzy- 
matically interconvertible forms, one of which is phosphorylated and cata- 
lytically active, while the other, non-phosphorylated, form is inactive. Cyclic 


ATP ADP 


Pi 


Figure 5.12. Regulation of trigly- 
ceride lipase activity via enzymatic 
interconversions 
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AMP may stimulate protein kinase in adipose tissue and hence cause 
phosphorylation of the lipase (see Figure 5.12). Evidence for this possibility 
has been obtained from a very interesting experiment: protein kinase, which 
was purified from skeletal muscle, increased the response of triglyceride 
lipase to cyclic AMP in extracts of adipose tissue.** In the original extract, 
the concentration of protein kinase would appear to be the limiting factor in 
the activation of triglyceride lipase by added cyclic AMP. 

The advantages of a control mechanism involving interconvertible forms 
of an enzyme have been discussed in Chapter 2 and illustrated with reference 
to phosphorylase in Chapter 4. The necessity for this form of amplification 
may arise from the small change in concentration of cyclic AMP that is 
produced by adrenaline and other hormones** (see Chapter 4, Section 
D.3(b)(ii)). 


(b) The stimulation of lipolysis in starvation 

Starvation is another physiological situation in which an increased mobil- 
ization of fatty acids from adipose tissue can be demonstrated, both in vivo and 
in vitro. This effect could be explained simply by a decrease in esterification 
in the adipose tissue caused by the decrease in plasma insulin level (see 
Section B.3). However, the rise in plasma glycerol in starvation*? and the 
increased glycerol release from in vitro preparations of adipose tissue from 
starved animals®® indicate that lipolysis has been stimulated. Several 
hormones may be involved in this stimulation and their identification is 
made difficult by the fact that hormonal control of metabolism in starvation 
may vary from one species to another. Evidence for the involvement of 
growth hormone, glucagon and insulin is discussed below. 


(i) Growth hormone. The evidence that growth hormone plays a role in 
stimulating lipolysis during starvation stems from four lines of investigation. 
First, early endocrinological studies showed that the anterior pituitary was 
involved in the control of fat and carbohydrate metabolism. Removal of the 
pituitary gland ameliorates the condition of experimental diabetes (induced 
by alloxan administration or surgical removal of the pancreas) whereas 
injections of pituitary extract into such depancreatized-hypophysectomized 
animals restores the diabetic condition. Also, when hypophysectomized 
animals are starved they lose less fat but more muscle glycogen and protein 
than control animals.52*53 Injection of pituitary extract into such animals 
restores the normal response to starvation (loss of fat; maintenance of 
muscle glycogen and protein). If normal animals are injected with pituitary 
extract, their rate of fat oxidation increases and their metabolism resembles 
that of a starved animal.5* By 1950 the factor in the pituitary extracts that 
was responsible for these changes was identified as growth hormone, and it 
was suggested that there would be an increased secretion of this hormone 
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during starvation.* Second, the measurement of the plasma level of growth 
hormone, which was made possible by the development of a specific radio- 
immunological assay, showed that it was elevated in human subjects during 
starvation and immediately reduced upon refeeding.?? (Some doubt has 
been cast upon the significance of this increase in growth hormone because 
in human subjects there is a large individual variation in response to starva- 
tion and in some species there is little change in growth hormone level.)^*5? 
Third, injection of purified growth hormone into humans or rats elevates 
plasma levels of fatty acids and glycerol within a few hours.***° Finally, it 
was necessary to demonstrate that growth hormone increased lipolysis in 
adipose tissue preparations in vitro. Such experiments were at first unsuccess- 
ful until it was realized that glucocorticoids were necessary for the lipolytic 
response to growth hormone; incubation of adipose tissue with growth 
hormone plus glucocorticoids for several hours results in a stimulation of 
lipolysis.°° 

There is always a delay of about an hour before the response to growth 
hormone can be detected, whereas the catecholamines cause increased 
lipolysis in under a minute. Therefore, it would appear that the primary 
effects of these two types of hormone are different. Adrenaline increases 
the lipase activity by raising the intracellular concentration of cyclic AMP 
through a stimulatory effect on the activity of adenyl cyclase. The stimulation 
of lipolysis by growth hormone is blocked by inhibitors of RNA synthesis? 
and this suggests that protein synthesis may be involved in the lipolytic 
action of growth hormone. The fact that treatment with growth hormone 
and glucocorticoids increases the extent of the cyclic AMP-elevation by 
adrenaline has led to the proposal that growth hormone stimulates the 
synthesis of adenyl cyclase." The mechanism by which growth hormone 
selectively increases the concentration of this enzyme is unknown, but the 
effect is consistent with its slow action on lipolysis and with its physiological 
role in the gradual process of adaptation to starvation. 


(ii) Lack of insulin. The effect of insulin in the suppression of fatty acid 
mobilization could be explained by stimulation of esterification and this 
would not involve any change in the rate of lipolysis. However, a direct 
antilipolytic effect of insulin has been demonstrated. The injection of insulin 
into starved°? or diabetic? dogs decreases both the concentration and turn- 
over of plasma glycerol and this indicates a suppression of lipolysis in adipose 
tissue. Also, insulin decreases glycerol output by epididymal fat pads®* or 
isolated fat cells.°° This inhibitory effect of insulin may minimize or restrain 
the effects of the more direct lipolytic agents so that the latter can exert pro- 
nounced effects on lipolysis when the level of insulin is depressed. Thus the 
large fall in plasma insulin level during starvation may permit the lipolytic 
hormones to exert their effects on lipolysis in the early stages of starvation 


ADIPOSE TISSUE AND FAT METABOLISM 223 


before their concentrations in the plasma are actually increased. The observa- 
tion that insulin inhibits lipolysis in adipose tissue from fed or 24-hour 
starved rats but not in adipose tissue from rats starved for two days or more? 
is consistent with this suggestion. Furthermore, the diurnal variations in 
plasma insulin may play an important role in the mobilization of fatty acids 
during an overnight fast. 

The work of Butcher and colleagues®’ on the epididymal fat pad has shown 
that insulin decreases the intracellular level of cyclic AMP, when it has been 
raised by the presence of catecholamines. This explains how insulin can 
antagonize the action of catecholamines (and possibly growth hormone) on 
fatty acid mobilization. However, it is uncertain whether insulin can lower 
the normal level of cyclic AMP when it has not already been elevated by 
catecholamines. The low concentrations of cyclic AMP in normal tissue and 
the imprecision of the assay method preclude meaningful measurements of 
small changes in its concentration. It is not known how insulin lowers the 
concentration of cyclic AMP: it could inhibit the activity of adenyl cyclase 
and/or increase the activity of phosphodiesterase. Recently insulin has been 
shown to stimulate phosphodiesterase in adipose tissue.°* If this is indeed 
the mechanism by which insulin reduces the cyclic AMP concentration, an 
increase in insulin should always cause a decrease in concentration of cyclic 
AMP (even in the absence of adrenaline), since phosphodiesterase plays an 
important role in maintaining the steady-state concentration of this com- 
pound (see Chapter 4, Section D.3(b)(ii)). 


(iii) Glucagon. Glucagon stimulates lipolysis in the epididymal fat pad 
incubated in vitro. In some of the earlier experiments high concentrations of 
the hormone were employed, but in recent experiments physiological 
concentrations have also proved to be lipolytic. The effect of glucagon on the 
lipolytic system is similar to that of catecholamines: it increases the cyclic 
AMP content of adipose tissue via stimulation of adenyl cyclase activity.9? 
It has proved difficult to establish whether glucagon can influence lipolysis 
in the intact animal, since the injection of glucagon does not result in a 
clear-cut rise in plasma fatty acid level. The hormone causes an activation 
of liver phosphorylase and the increased glycogenolysis raises the blood 
glucose level and this in turn minimizes the increase in plasma fatty acid level. 
Glucagon injections in man cause a transient decline in fatty acid level but 
this is followed by its prolonged elevation. In dogs the infusion of small 
doses of glucagon into the portal vein increases the level of fatty acids and 
there is no change in that of glucose.’° Therefore it appears that under 
certain conditions glucagon stimulates fatty acid mobilization in vivo. Such 
an effect could be important in starvation. Consistent with such a role is 
the finding that the plasma glucagon levels are elevated in human subjects 
when fasting." It is possible to suggest, from its effects on glycogenolysis 
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and lipolysis, that the physiological role of glucagon during starvation may 
be initially to cause mobilization of liver glycogen: once these stores are 
depleted its action on fatty acid mobilization becomes apparent and rein- 
forces the effects of the other lipolytic hormones (such as growth hormone). 


(c) Other factors affecting lipolysis 

An increase in the concentrations of growth hormone and glucagon and 
a decrease in that of insulin are but three factors which may play a part 
in the stimulation of lipolysis in adipose tissue in starvation. It is possible 
that the sympathetic nervous system may also be involved in this process 
but the available evidence is not clear on this point. One problem is that 
sympathetic activity could cause vasoconstriction, and the reduction in 
blood flow would be expected to decrease mobilization of fatty acids. 

There are several other factors (such as TSH, ACTH and 'Chalmer's 
factor’) which can elevate the plasma NEFA level but the mechanism of 
these effects and/or their physiological significance is uncertain at present. 
Since they could not be fitted simply into any physiological situation they 
have not been discussed, but this must not be taken to imply that they are 
of no physiological importance. Steinberg*® has commented that the list 
of factors that influence fatty acid release from adipose tissue is embarras- 
singly long for the provision of an adequate and specific response to a given 
physiological situation. However, a speculative proposal is put forward in 
Chapter 7 which may account for the indiscriminating and unselective 
response of adipose tissue to hormones. One final word of caution in the 
interpretation of data in this field is that there appears to be considerable 
species variation in all these lipolytic effects and therefore general conclusions 
based upon results from particular species may not always be valid.” 


C. PHYSIOLOGICAL SIGNIFICANCE OF VARIATIONS 
IN PLASMA FATTY ACID LEVEL 


The biochemical mechanisms involved in the mobilization of fatty acids 
from adipose tissue and the various hormonal changes involved have been 
discussed above. In this section the metabolic actions of the mobilized fatty 
acids are considered. In conditions such as stress, starvation or prolonged 
muscular activity, the plasma fatty acid level is raised about five-fold and 
provides an alternative fuel to glucose, which can be conserved for use bya 
number of other tissues. The plasma fatty acid level is elevated because of 
increased mobilization from adipose tissue rather than decreased utilization 
by other tissues. (There is only a slight decrease in the fractional turnover 
rate, despite the large increase in concentration and therefore the flux through 
the blood must have increased—see Table 5.4.) The raised fatty acid level pro- 
vides an immediate source of available fuel for other tissues and, moreover, 
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the increase in concentration provides the necessary signal for tissues to 
oxidize these fatty acids. Support for this idea is provided by experiments 
with in vitro tissue preparations (such as perfused heart and perfused liver), 
in which it can be shown that the rate of uptake of fatty acids is proportional 
to their external concentration. ”™74 Similar conclusions have been reached 
from experiments with the in situ һеагі.7 7° Such experiments demonstrate 
merely that the rate of uptake depends upon concentration but it is generally 
accepted that an increased uptake of fatty acids automatically results in an 
increased rate of oxidation.7”:78 


1. The glucose/fatty acid cycle 


The presence of fatty acids or ketone bodies, at concentrations that are 
found in the plasma during starvation, causes inhibition of glucose utilization 
by muscle in vitro (see Chapter 3, Section D.5). These in vitro experiments with 
muscle, and the in vitro experiments with adipose tissue described in this 
chapter, provide the basis for the concept of the glucose/fatty acid cycle."? 
This concept explains how changes in plasma levels of glucose and fatty 
acids are interrelated and how they influence one another in such a manner 
as to provide a homeostatic control mechanism. The theory of the glucose/ 
fatty acid cycle applies to the intact animal, but it depends upon extrapolation 
of the properties of the perfused heart, the incubated diaphragm and the 
incubated epididymal fat pad to the total musculature and adipose tissue 
in vivo. (This is not unlike the extrapolation of the in vitro properties of PFK 
to provide a theory of control of this enzyme in the living cell. In the present 
case the in vitro properties of the muscle and adipose tissue give rise to a 
theory of control of plasma glucose and fatty acid concentrations in the 
whole animal) The theory of the cycle states that if the plasma glucose 
concentration is decreased, fatty acids will be mobilized from the adipose 
tissue, the plasma fatty acid level will increase and this will cause increased 
fatty acid oxidation by muscle, which will depress glucose utilization. 
Consequently, the plasma glucose concentration will increase. This will 
stimulate glucose utilization by adipose tissue and restrict fatty acid mobiliza- 
tion, so that the plasma fatty acid level will be decreased and fatty acid 
oxidation in muscle will be decreased. Consequently, the inhibition of 
glucose utilization will be removed and the plasma glucose concentration 
will decrease once more (see Figure 5.13). This is a description of the 
mechanism for controlling the blood levels of fatty acids and glucose in the 
absence of any hormonal effects. Obviously the effects of hormones (which 
have been described in Section B of this chapter) will modify the simple 
controls described above; for example, an elevation in plasma glucose will 
increase the plasma concentration of insulin which will also decrease fatty 
acid mobilization (through effects on esterification and lipolysis) and increase 
glucose utilization in muscle (Figure 5.14). In essence the cycle provides a 
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Figure 5.13. The glucose/fatty acid cycle. The inhibition of NEFA mobilization 
from adipose tissue by glycolysis is due to the effect of esterification (Section 
В.3). The inhibition of glucose utilization in muscles is described in Chapter 3 


mechanism for the maintenance and conservation of the blood glucose 
level at the expense of variations in the plasma fatty acid level. With this 
cycle as a basis, it is possible to explain variations in the plasma levels of 
glucose and fatty acids under different dietary, physiological and pathological 
conditions. 

Experiments which provide support for the glucose/fatty acid cycle include 
the following: 

(a) The plasma fatty acid level varies over about a five-fold range in differ- 
ent physiological situations but the plasma glucose varies at most by 30%. 

(b) The rise in glucose and insulin levels following a carbohydrate meal 
causes a 50% reduction in the plasma fatty acid levei in only 30 minutes 
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Figure 5.14. Effects of hormones on the glucose/fatty acid cycle 
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(Table 5.5). The in vivo administration of insulin antisera (which acutely 
lowers insulin level) causes a large increase in plasma fatty acid level within 
an hour.8° Such rapid changes are predicted by the control mechanisms 


involved in the glucose/fatty acid cycle. 


Table 5.5. Effect of refeeding glucose on the blood levels of NEFA''^ 


Time after refeeding glucose Plasma NEFA concentration 


(min) (umol/ml) 
0 0-79 
10 0-68 
15 0-52* 
20 0-54* 
30 0-34* 
Normal fed animal 0-31* 


Rats were starved for 48 hours and then force-fed glucose by stomach tube. After various time 
intervals blood samples were taken by cannulation of the aorta under ether anaesthesia. The 
concentrations are the means of five experiments and an asterisk denotes a statistically sig- 
nificant difference from the zero time concentration. 


(c) Another prediction of the cycle is that whenever the fatty acid level 
is raised, glucose utilization should be depressed. There are problems involved 
in testing this prediction in the intact animal because techniques for artificially 
elevating plasma fatty acid levels are complicated by other factors. The most 
direct method of elevating the plasma level of fatty acids would be by 
intravenous injection. However, this could result in local high concentrations 
of fatty acids (at the site of injection) and cause haemolysis of the red cells. 
Injection of fatty acids bound to albumin raises the problem of injection of 
a foreign protein into the blood stream. Therefore in early studies, intravenous 
infusion of triglyceride was used to elevate the plasma fatty acids and the 
effect of this infusion upon oral glucose tolerance was investigated. In at 
least two studies? "8? there was an impairment of glucose tolerance (that is, 
glucose utilization was depressed) when triglyceride was infused. 

A simple and elegant means of raising the fatty acid level was devised 
by Schalch and Kipnis.5? Human volunteers were fed a meal consisting 
mainly of triglyceride (which is absorbed into the blood stream as chylo- 
microns and VLDL) and 3-5 hours later heparin was injected in order to 
release lipoprotein lipase from the capillary walls of the adipose tissue (see 
Section A.1(a)(ii). The hydrolysis of circulating triglyceride (chylomicrons 
and VLDL) by the released lipoprotein lipase raises the plasma fatty acid 
level. The blood glucose level was raised by intravenous infusion (25g of 
glucose was infused in 4 minutes) and the rate of glucose disappearance was 
followed: the latter was decreased when the fatty acid level was elevated 
(see Table 5.6). In a similar study dogs, which had been starved, were infused 
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Table 5.6. Effect of an elevation of the plasma NEFA level on the rate of disappearance 
of plasma glucose in human subjects 


The removal of intravenously administered glucose is an exponential process and 
the function for its rate of removal may be expressed as 


_ Inc, - Inc, 


2-1, 


K 


where C, and C, are the concentrations of glucose at times t, and t; after intravenous 
administration. 


A. The plasma NEFA was elevated by injection of heparin into eight human volunteers 
3 to 4 hours after a meal containing 60 g of fat. Glucose was administered intravenously. 
The data are taken from reference 83. 


Plasma NEFA Disappearance 
concentration of glucose 


Conditions (umol/ml) K 

Control 0-4-0-8 3.49 + 0-60 
Heparin 155-20 1:84 + 0-33 
Three diabetic subjects — 124 + 024 


(heparin not administered) 


B. The plasma NEFA was elevated by administration of noradrenaline to six human 
volunteers. Also, the effect of noradrenaline on the elevation of plasma NEFA was 
inhibited by administration of nicotinic acid. The data are taken from reference 85. 


Plasma NEFA Disappearance 
concentration of glucose 


Conditions (umol/ml) K 

Control m 1-74 
Noradrenaline 14-22 0:76 
Noradrenaline plus 0-2-0-5 1-52 


nicotinic acid 


with triglyceride and lipoprotein lipase was released by heparin administra- 
tion. This treatment raised the plasma fatty acid level. The rate of release 
of glucose by the liver and the rate of peripheral glucose utilization were 
depressed. °*+ 

The infusion of noradrenaline into human subjects provides an alternative 
method of elevating the fatty acid level. This hormone appears to have a 
fairly specific effect in increasing the activity of triglyceride lipase in adipose 
tissue and thus increases the rate of fatty acid mobilization. The infusion 
of noradrenaline into human subjects also causes an impairment of the 
glucose tolerance®* (Table 5.6). 
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In another experiment, either labelled palmitate (albumin bound) or 
labelled glucose was infused into dogs and the rate of fatty acid or glucose 
oxidation and the turnover rates were measured. At a low plasma NEFA 
concentration the percentages of the total CO, derived from glucose and 
fatty acids were 30 and 15, respectively. At a high plasma NEFA concentra- 
tion the percentages of CO, derived from glucose and fatty acids were 15 
and 60, respectively. 

(d) The theory predicts that when the fatty acid level is decreased the 
glucose level should fall and the glucose tolerance should improve. This 
prediction has been tested by the administration of nicotinic acid, which 
inhibits lipolysis in adipose tissue, to normal and diabetic human subjects. 
As predicted, the glucose concentration was lowered by nicotinic acid and 
the tolerance improved.” However, the results of this type of experiment 
are variable and other workers have reported hyperglycaemia and an impair- 
ment of glucose tolerance. One of the problems with nicotinic acid is that, 
after its antilipolytic effects have subsided, there is an elevation in plasma 
fatty acid level, which is known as a ‘rebound’ phenomenon. This could be 
the explanation for the conflicting results. 

In another experiment, rats were made acutely diabetic with insulin 
antisera and were given nicotinic acid. This treatment prevented the rise 
in plasma level of fatty acids (and ketone bodies) and markedly reduced the 
hyperglycaemia which is normally associated with antisera treatment.5* 

(e) The theory predicts that inhibition of fatty acid oxidation should 
increase glucose utilization and lower the blood glucose concentration. 
Accordingly, it has been observed that certain compounds, which are known 
to be specific inhibitors of fatty acid oxidation, are hypoglycaemic. One such 
compound is ‘hypoglycin’ (1.,2-атіпо, f-methylcyclopropane propionic acid) 
which occurs in unripe fruits of the Blighia-Sapida tree. Ingestion of such 
fruit causes ‘Jamaican vomiting sickness’, a condition which is characterized 
by hypoglycaemia.5? Also, pent-4-enoic acid, which inhibits fatty acid 
oxidation in vitro, is hypoglycaemic whereas chemically-similar compounds, 
which do not inhibit fatty acid oxidation, are not hypoglycaemic.?? 

(f) Experiments have recently been performed on the human heart in 
situ by the use of arterial and coronary sinus catheterization techniques.?? 
A negative correlation has been observed between the arterial level of NEFA 
and the myocardial utilization of glucose, pyruvate and lactate. This is 
convincing evidence that the experimental findings with the in vitro perfused 
heart preparation can be applied to the heart in vivo. 


Despite the evidence (cited in (a) to ( f) above) which supports the theory of 
the glucose/fatty acid cycle, there remain some doubts about the physiological 
significance of such a cycle. These doubts are raised by observations which 
appear to be inconsistent with the theory. In particular, there have been à 
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number of experiments which demonstrate that raising the level of plasma 
fatty acids (or ketone bodies) decreases the plasma glucose concentration 
and improves glucose tolerance.’ There is always a danger with in 
vivo experiments that the observed changes in glucose levels may be due to 
indirect effects of fatty acids (or ketone bodies) that are not predicted by the 
glucose/fatty acid cycle as formulated above. For example, there is some 
evidence that elevated levels of ketone bodies can cause stimulation of 
insulin secretion by the pancreas (see Chapter 7, Section E.3). The effect of 
insulin would be to decrease plasma fatty acid levels, increase glucose 
utilization and diminish glucose output by the liver. Consequently, under 
some conditions a rise in the plasma NEFA and ketone body levels may 
result in hypoglycaemia rather than hyperglycaemia. Thus, although the 
experimental demonstration that elevation of the plasma NEFA and ketone 
body levels causes hypoglycaemia is inconsistent with the original theory of 
the glucose/fatty acid cycle, it is consistent with the extended theory of the 
glucose/fatty acid cycle discussed in detail in Chapter 7 (see Section E). 


2. Physiological implications of the glucose/fatty acid cycle 
(a) The plasma fatty acid level as a signal for starvation 

The observed increase in plasma fatty acid level in starvation should be 
sufficient to cause a considerable increase in the rate of their oxidation. 
Such an effect would decrease glucose utilization in muscle (for mechanism 
see Chapter 3, Section D.5) and possibly in other tissues—for example, 
liver and kidney cortex tissue. The oxidation of fatty acids in the liver causes 
the formation of ketone bodies which act as a supplementary fuel to fatty 
acids for muscle, kidney and possibly other tissues. Moreover, ketone bodies 
can function as an alternative fuel to glucose for brain and specifically 
reduce the glucose requirement of this tissue (see Chapters 6 and 7). The 
physiological result of these effects is that in starvation glucose is conserved 
for tissues that have some degree of dependence on this fuel (such as brain, 
nerves and red blood cells). 


(b) Prolonged muscular activity 

Prolonged muscular activity, such as occurs in migratory flights of birds 
and insects and in long-distance running in man, may result in a similar 
situation to starvation, in that reserve fuels must be utilized. It has been 
calculated that the energy expenditure during a marathon is of the order of 
2,000 kcal, but the total reserves of carbohydrate in the average man are 
only about 650 kcal. Therefore the muscles must oxidize fatty acids and 
the energetic considerations of the marathon emphasize that glucose 
utilization is reduced so that the carbohydrate reserves are not seriously 
depleted. 
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(c) The uptake of glucose by muscle, following a carbohydrate meal 


The reciprocal changes in blood glucose and fatty acid levels are predicted 
by the glucose/fatty acid cycle. They may be of physiological significance 
following a carbohydrate-containing meal. The rapid influx of glucose from 
the gut causes a rise in blood glucose (and insulin) level. Since the T,,,, of 
the kidney tubule reabsorption-system for glucose is only about twice the 
normal blood glucose level, it is important that the elevation in this level is 
restricted in order to prevent loss of carbohydrate in the urine. The liver 
and adipose tissue must play major roles in the removal of glucose from the 
circulation. However, increased glucose uptake by the large mass of skeletal 
muscle may also be a contributory factor. The rapid fall in the plasma level 
of fatty acids, which is observed after a carbohydrate meal, should ensure 
that glucose utilization by the musculature is increased. 


(d) The absorption of fat from the gut 


The absorption and assimilation of fat is a complex process consisting of 
a series of lipolytic and esterification reactions (see Figure 5.15). The system 
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Figure 5.15. The lipolytic and esterification reactions involved in the digestion, 
absorption and assimilation of triglyceride 


could undoubtedly be much simpler if, following the initial hydrolysis in 
the intestine, fatty acids were absorbed directly and transported to the 
adipose tissue as an albumin complex in the blood. One problem with this 
hypothetical mechanism for fat absorption is that the transport system in 
the blood (albumin/fatty acid complex) is not capable of carrying large 
quantities of fat in relatively short periods of time: the limit is imposed by 
the amount of albumin in the plasma. It has been calculated (Table 5.2) 
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that approximately 160g of fat can be transported in 24 hours when the 
concentration of the plasma fatty acid is 0-6 mM. Therefore in 6 hours (a 
reasonable digestive time) a maximum of 40g of fat could be transported 
in this way. The fact that not even this quantity of fat is absorbed as fatty 
acid bound to albumin can be explained by the glucose/fatty acid cycle. 
If fatty acids were not esterified upon absorption, the plasma level of fatty 
acids would be increased. This would decrease the utilization of glucose by 
muscle and other tissues. Since most animals eat a mixed diet, fatty acids 
and glucose would be absorbed together and the utilization of the glucose 
would be depressed. This would result in an accumulation of glucose in the 
blood and its consequent loss through the kidney tubules. The process of 
absorption is therefore designed so that most of the ingested fatty acids 
enter the general circulation in an esterified form, which effectively ‘conceals’ 
them from any tissues which do not possess an active lipoprotein lipase. 
The only quantitatively-important tissue that contains an active lipoprotein 
lipase in the fed state in a normal animal is adipose tissue. 


3. Pathological implications of the glucose/fatty acid cycle 

It is becoming increasingly apparent that some of the symptoms (if not 
the basic cause) of certain pathological conditions may be related to changes 
in plasma fatty acid levels. High plasma levels of fatty acids (either acute or 
chronic) are now considered to be highly undesirable since a reasonable 
amount of evidence links this situation with conditions such as diabetes 
mellitus, obesity, thyrotoxicosis, atherosclerosis and coronary throm- 
bosis.°*°5 Research into some of these conditions is too specialized to be 
discussed here, but clinical diabetes involves a disturbance of carbohydrate 
and fat metabolism which may be explained on the basis of the glucose/fatty 
acid cycle. 


Diabetes mellitus 

Early studies on clinical diabetes gave rise to the idea that the patho- 
logically high blood glucose level found in this condition was caused 
primarily by an insufficiency of circulating insulin. The development of 
sensitive and specific radioimmunological assays for insulin led to the 
observation that in the majority of diabetic patients this was not the case. 
In ‘growth onset’ diabetes, which is usually manifest before the age of 20, 
the plasma insulin levels are indeed very low (less than 107; of the normal) 
and therefore lack of circulating insulin, presumably due to malfunction of 
the B-cells in the pancreatic islets, would appear to be the cause of this type 
of diabetes. The elevated plasma glucose level can be explained by the 
consequent low rate of entry of glucose into muscle and adipose tissue cells. 
Furthermore, the increased plasma fatty acid concentration can be explained 
by an increase in the rate of mobilization from adipose tissue. 
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The majority of diabetic patients do not develop their symptoms until 
‘middle age’ and this type of diabetes is termed ‘maturity onset’. The symp- 
toms are similar to those of ‘growth onset’ diabetes: elevated plasma levels 
of glucose, fatty acids and ketone bodies. However, the level of plasma 
insulin is normal or even elevated.?5 Therefore there appear to be different 
primary lesions involved in these two types of diabetes. One explanation 
for the biochemical symptoms of maturity-onset diabetes is that a specific 
insulin antagonist is present in the blood of these patients so that the effect 
of insulin upon glucose uptake by adipose tissue and muscle is effectively 
reduced. This would result in increased plasma levels of glucose (and also 
increased fatty acid levels due to depressed esterification in adipose tissue), 
and this would stimulate secretion of more insulin. Consequently, the level 
of circulating insulin would be higher than normal. There have been several 
demonstrations of the presence of insulin antagonists in the blood of such 
patients,°” but their importance in the aetiology of this disease is uncertain. 
Alternatively, it has been proposed that the primary metabolic lesion is 
excessive mobilization of fatty acids from adipose tissue. This would elevate 
the plasma level of fatty acids and stimulate their oxidation; glucose utiliza- 
tion would be depressed and, consequently, the plasma glucose level would 
be elevated. The latter would stimulate insulin secretion and increase the 
plasma level of the hormone. This interpretation is obviously based on the 
theory of the glucose/fatty acid cycle.°* At present it is not possible at a 
biochemical level to distinguish between these two extreme theories. The 
clinical condition may be highly complex and both explanations may be 
partially correct. Nonetheless, in both cases treatment with exogenous 
insulin would be expected to restore the situation towards normal, despite 
Pis fact that an absolute deficiency of insulin is not the primary metabolic 
esion. 


4. Fat as a fuel for exercise 


ғ There is no longer any doubt that the oxidation of fat plays а vital role 
in the provision of energy for sustained muscular activity. Fat is available 
to the muscle either as triglyceride stored within the muscles (endogenous) 
or as one of the fat fuels present in the blood (long-chain fatty acids, ketone 
bodies and triglyceride). Fatty acids in the blood are derived from triglyceride 
stored in adipose tissue and ketone bodies are formed from the partial 
oxidation of fatty acids in the liver (see Chapter 7 for full discussion). Tri- 
glyceride is present in the blood usually in the form of VLDL and it can be 
oxidized for the supply of energy if the muscle possesses sufficient lipo- 
protein lipase activity. Unfortunately, the maximum activity of lipoprotein 
lipase in skeletal muscle is not known at present. 

Carbohydrate is used as a fuel for supply of energy for muscular activity. 
However, the endogenous stores of carbohydrate in the muscle are so 
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limited that if this were the only fuel, exhaustion would occur within minutes 
or even seconds from the initiation of muscular work. Indeed, it can be 
calculated that the rate of ATP turnover during intense muscular activity 
is of the order of 200 што! per g muscle per minute (Chapter 3, Appendix 3.1). 
Since the glycogen stores are only of the order of 20 umol per g muscle, 
the maximum amount of ATP which could be formed by the complete 
oxidation of all the muscle glycogen would be in the region of 700 umol per g 
and this could support contraction for only 3-5 minutes. The anaerobic 
degradation of this glycogen could support contraction for only 20 seconds. 
The glucose that is available in the blood can also provide a fuel for muscles, 
if they possess an adequate vascular system to supply glucose at a sufficient 
rate. The blood glucose used during muscular activity would need to be 
replenished from the reservoir of liver glycogen, and this also is limited. 
For example, the human liver can store about 100g of glycogen and this 
might provide a marathon runner with sufficient fuel for about 15 minutes 
running. 

In contrast, the stores of fat in the body are not only large but, in certain 
species (notably Homo sapiens), their capacity appears to be virtually un- 
limited! The advantage of fat as a fuel rests in the fact that approximately 
nine times more energy can be obtained from the oxidation of one gram of 
stored fat than can be obtained from one gram of stored glycogen (see 
Section A). Thus, in order to store an equivalent amount of fuel solely in 
the form of glycogen, the energy reserve would have to be nine-fold heavier. 
This is an obvious problem for terrestrial animals but it would be insur- 
mountable for animals such as migratory birds and insects which have to 
fly long distances non-stop. If such animals were to store sufficient fuel for 
a long migratory flight solely in the form of glycogen, they-would be too 
heavy to lift themselves off the ground! 

A number of studies have been carried out on the fat content of migratory 
birds and insects. Some species of migratory birds fly continuously for ap- 
proximately 1,500 miles and this entails sustained muscular activity for about 
60 hours (travelling at 25 miles per hour). Birds that migrate from North 
to Central America across the Gulf of Mexico have been studied in some 
detail since there is no land upon which they could rest and feed during the 
flight and the distances for the various routes that are taken are between 600 
and 1,500 miles.?? Some of these birds are killed by flying into a tall television 
transmitting tower situated on the Florida coast and, although it is un- 
fortunate for these creatures, they do provide suitable biopsy material for the 
study of some aspects of their metabolism. The fat index* of non-migratory 
birds is usually of the order of 0-2-044, but for some migratory species (the 
ruby-throated humming bird, for example) the values reach between 3.0 and 

* The ‘fat index’ is defined as the amount of ether-extractable fat material per gram of non-fat 
material (on a dry weight basis). 
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4-0. When these birds are captured after their migratory flight, the fat index 
has invariably decreased to between 0-3 and 0-6. 

Many insects (butterflies, moths and locusts, for example) use fat as a 
source of energy during migratory flights. Detailed studies have been carried 
out on the use of stored fat during prolonged tethered flight by the locust 
in the laboratory. The insect is fixed, by some form of support to the dorsal 
part of the thorax, and it can be induced to fly by directing a current of air 
over its head. Weis-Fogh!?? has shown that there is sufficient fat stored in 
the locust for about 10 hours’ continuous flight, that locusts can fly for 
approximately this length of time under laboratory conditions and that the 
quantity of fat consumed was sufficient to provide the energy for this flight. 
However, during a normal migratory flight, the use of favourable wind 
currents may enable the locust to remain airborne for considerably longer 
than 10 hours and hence to fly for several hundred miles. 

There is considerable evidence that fat is utilized by man, particularly 
during prolonged exercise. Measurements of respiratory quotients show a 
shift to lower values (that is, towards increased fat oxidation) as the duration 
of exercise is increased and considerable attention has been focused upon 
the type of the lipid used for exercise in man. Sustained exercise (for example, 
taking part in a nine-hour ski race)! results in a considerable decrease in 
in the plasma lipoprotein concentration, in particular VLDL. However, it 
has been concluded that this is unlikely to be caused by an increased rate 
of removal by muscle, but can probably be explained by a decreased pro- 
duction of VLDL by the liver. Preliminary reports indicate that endogenous 
muscle triglyceride is decreased by prolonged exercise.'°* However, Carl- 
соп! has reached the conclusion that most of the energy demand during 
prolonged exercise in man can be satisfied by the increased mobilization of 
fatty acids. Calculations based upon the elevation in plasma NEFA level 
in man during moderate sustained exercise (walking 50 Кт per day on à 
low-calorie diet) indicate that most of the energy requirement can be derived 
from the oxidation of plasma fatty acids.* 

The emphasis in this discussion upon lipid fuels must not be taken to 
imply that, under all conditions, fat is the sole, or even the most important, 
fuel for muscle contraction: this is certainly not the case. The proportion 
of the total energy which is derived from fat depends upon a variety of 
factors including the intensity of the work performed, the duration of the 
exercise period, the type of work performed (in terms of the particular muscles 


* The Average plasma NEFA concentration in the fasting subjects was 1-4mM, that is 
14 umol/ml or a total of 4-2 mmol in the blood (taking the average blood volume as 3 litres). 
4.2 mmol of long-chain fatty acid (average molecular weight approximately 250) is equivalent 
tolg fatty acids. The fractional turnover rate is 0-33 per minute, that is 0-33 g long-chain fatty 
acids enter and leave the blood each minute. Therefore the daily turnover is 0-33 x 60 x 24g, 
equals 475 в. The average daily weight loss observed in the fasting, exercising subjects was 
750 g, which is equivalent to 500 g long-chain fatty acids. 
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used) and lastly the species under consideration (see reference 104 for review). 
Apparently certain species of insects (honey-bee and blowfly, for example) 
rely solely upon carbohydrate (stored in the form of glycogen, trehalose or 
glucose) as a fuel for flight. In man a mixture of fat and carbohydrate is 
used at a moderate work intensity and as the muscular activity is prolonged 
the RQ decreases, suggesting that fat becomes the more important fuel. As 
the work intensity is increased so the RQ approaches 1-0, suggesting that 
the rate of glucose and/or glycogen utilization is increased, Physical exhaus- 
tion occurs more rapidly at a higher work intensity when perhaps the limiting 
factors are the availability of oxygen and fuel which are supplied in the blood. 
Presumably, if the supply of energy is limited by the oxygen availability 
to the muscles, anaerobic glycolysis from endogenous glycogen may provide 
extra energy for a short period of time. If fuel rather than oxygen is limiting, 
the glycogen could be completely oxidized and provide a more efficient use 
of this fuel for energy production. A low rate of oxidation (assuming complete 
oxidation) of endogenous glycogen could provide a small percentage (say 
10%) of the extra energy for the mechanical work for a considerable period 
of time (say 15-30 minutes). However, once the endogenous glycogen has 
been utilized, the muscle must presumably begin to take up glucose from the 
blood which would result in a decrease in the blood glucose level. It is not 
known how far the blood glucose level could fall before the muscle would 
fail to obtain sufficient energy for contraction and before the onset of fatigue. 
However, if physical exhaustion is related to a lowering of the blood glucose 
concentration in the local environment of the muscle, a depletion of the 
muscle glycogen reserves may be the initiating factor in the development of 
fatigue. The experimental observation that the infusion of glucose into a 
previously exhausted subject allows the resumption of exercise is consistent 
with this idea. 

In this context it is undoubtedly incorrect to consider exhaustion as being 
due either to a simple lack of ATP or to the accumulation of lactate in the 
muscle. As discussed in Chapter 3, a lack of ATP in a tissue would cause a 
serious disturbance in energy-transfer mechanisms and this would impair the 
efficiency of many metabolic reactions. In any situation in which energy 
levels are in danger of decreasing seriously, non-essential processes are 
inhibited so that activities vital to the life of the cell (ion transport, for 
example) can continue. For example, if the isolated perfused heart is made 
anaerobic, the contraction rate rapidly falls despite the fact that the ATP 
content is reduced by only about 1075. When the perfusion is transferred 
back to aerobic conditions (even after 15 minutes anaerobiosis), the heart 
soon regains its normal contractility.'^* In muscles which have a good blood 
supply (heart, for example), the lactate produced by anaerobic glycolysis 
from glycogen can be easily removed. Indeed, should the accumulation of 
lactate be the cause of fatigue, it would be anticipated to occur at an early 
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stage of glycogen breakdown when glycolysis would be maximally stimulated, 
and not when the glycogen and local blood glucose pools have been depleted. 
It seems possible that physical exhaustion is not due to any malfunction of 
the biochemical process within the muscle cell itself, but perhaps is due to a 
failure of the nervous system supplying the muscles. Since exhaustion appears 
to be related to an insufficiency in the supply of glucose, and since it is 
known that nervous tissue has an important requirement for glucose, a 
temporary malfunction of the metabolism within the local nervous supply 
to the muscle may be an explanation of fatigue. 

If fatty acids and oxygen are supplied to the muscles at a rate that is 
sufficient for the supply of energy from fatty acid oxidation, glycogen and 
glucose utilization could be reduced to a minimum and muscular activity 
could be continued for a long period without exhaustion. Presumably this 
is the situation in the migratory animals and in man when walking (an activity 
which can be continued for many hours without exhaustion). The role of 
training in increasing the amount of exercise which can be performed may 
be related to an improvement in blood circulation (so that more oxygen and 
more fuel can be supplied to the muscle) and perhaps an improved ability to 
mobilize and oxidize fatty acids. The effect of training on increasing the resist- 
ance to physical exhaustion is difficult to explain in biochemical terms. It may 
be connected with the glucose/fatty acid cycle, since an improved capacity 
for fatty acid oxidation will reduce the dependence on glucose and glycogen. 


D. THE METABOLIC ROLE OF BROWN ADIPOSE TISSUE 
1. Brown adipose tissue and thermogenesis 


Brown adipose tissue is highly specialized and is found in some animals, 
particularly hibernating animals and the new-born of certain species. This 
tissue has presumably been termed ‘adipose tissue’ on account of its high 
lipid content, but it is structurally, metabolically and functionally distinct 
from white adipose tissue. Most of the brown adipose tissue is localized in 
the dorsal part of the thorax under the shoulder blades, although there are 
often smaller amounts around the adrenals and kidneys and in the peri-anal 
and inguinal regions. 

The particular association of brown adipose tissue with hibernating 
animals, with animals whose habitat is a cold region and with neonatal 
infants, has given rise to the idea that this tissue might be important in heat 
generation." Hibernating animals warm up slowly as the ambient tem- 
perature increases in spring, but many are capable of warming up rapidly 
despite a low ambient temperature (for example, for short periods in winter). 
Such animals must possess a special mechanism for the production of heat 
and it has been found that brown adipose tissue develops extensively prior 
to hibernation. In some very young animals (for example, human babies 
and newly born rabbits) the ability to produce heat by shivering (involuntary 
muscular activity which results in heat production rather than movement) 
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is not developed, but brown adipose tissue is present. The proximity of brown 
adipose tissue to the vital organs (such as the heart and kidneys) is consistent 
with the theory that the tissue is responsible for heat generation. More direct 
evidence for the involvement of this tissue in heat production has been 
obtained from experiments on hibernating animals in which thermocouples 
have been placed in brown adipose tissue and in several other tissues. During 
the arousal period the temperature of brown adipose tissue increases before 
that of any other tissue and this temperature difference is maintained for 
some time. +°” It is now generally accepted that the function of brown adipose 
tissue is to generate heat. Indeed it has been calculated that at least 50% of 
the heat produced during arousal in hibernating animals is derived from 
this tissue.!° However, the metabolic mechanism by which large quantities 
of heat are produced in this tissue is still disputed. 

Some indication of the metabolic nature of brown adipose tissue has been 
obtained from investigations into its ultrastructure. The tissue is highly 
vascular and consists of small polygonal cells, each containing many separate 
lipid droplets (cf. white adipose tissue). The striking feature of these cells 
is the high content of mitochondria (see Figure 5.16). Thus, oxidative 


Figure 5.16. An electron micrograph ofa brown adipose tissue 

cell. x 4,000. The electron micrograph was kindly supplied 

by Dr G. V. Brenchley and Professor C. N. Hales of the 

Department of Chemical Pathology, The Welsh National 
School of Medicine, Cardiff 
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metabolism of triglyceride is anticipated to play a vital role in heat produc- 
tion. 


2. Mechanisms of thermogenesis 


The generation ofheat by shivering may be explained asfollows :the increase 
in mechanical activity causes a stimulation of ATP hydrolysis in the muscle 
and this leads to an increased rate of general metabolism including mito- 
chondrial respiration and ATP turnover. The extra heat is generated particu- 
larly by increases in the rates of non-equilibrium reactions of metabolism. 
Obviously in brown adipose tissue the stimulation of metabolism and respira- 
tion must occur by some means other than increased mechanical activity ! 
There аге at least two possible mechanisms for the increased thermogenesis in 
this tissue. First, mitochondrial phosphorylation might be uncoupled from 
respiration so that the energy of electron transport, which is normally con- 
served in ATP synthesis, would be lost as heat. Second, specific metabolic reac- 
tions, which involve the hydrolysis of ATP, might be stimulated so that the 
metabolic rate, mitochondrial respiration and ATP turnover would increase. 

Both of these mechanisms for heat generation require an increased oxida- 
tion of some fuel for the provision of heat. In brown adipose tissue the fuel 
is, of course, triglyceride. This is hydrolysed to fatty acids which provide 
the substrate for mitochondrial oxidation. Therefore an increase in the 
catalytic activity of the triglyceride lipase in this tissue is a prerequisite for 
increased heat production. It has been shown that an increase in cyclic AMP 
content in brown adipose tissue is associated with increased lipolysis. ‘°° 
The content of cyclic AMP in brown adipose tissue is raised in response to 
noradrenaline!!? and there is evidence that during arousal in hibernating 
animals this hormone is released from sympathetic nerve endings in this 
tissue.!"! Therefore the sequence of events initiating heat production during 
arousal may be as follows: stimulation of the sympathetic nervous system 
raises the local concentration of noradrenaline in the brown adipose tissue, 
the intracellular level of cyclic AMP is raised and this activates the lipase 
leading to an increase in the intracellular concentration of fatty acids. The 
latter are oxidized by the brown adipose tissue (although some may be 
released into the blood). 

Obviously the next question is, why should an increase in the concentration 
of fatty acids lead to the generation of heat? In other words, what facet of 
its metabolism differentiates brown adipose tissue from other tissues in its 
response to an increased intracellular concentration of fatty acids? There 
are at least two possible answers to this question. 


(a) The uncoupling of phosphorylation from electron transport 


Mitochondria isolated from brown adipose tissue usually convert much 
less inorganic phosphate to ATP per mole of oxygen consumed than those 
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isolated from other tissues (for example, Їіуег).!!2 This strongly suggests 
that phosphorylation is uncoupled from electron transport in mitochondria 
from brown adipose tissue. Since long-chain fatty acids are known to be 
potent uncoupling agents,''? this situation could result from the high 
concentrations of fatty acids present in the tissue homogenate during prepara- 
tion of the mitochondria. The high concentration of fatty acids might be 
an artefact of the extraction process and bear little relation to the concentra- 
tion in the cell during thermogenesis. On the other hand, activation of the 
lipase by noradrenaline might be sufficient to elevate the intracellular level 
of fatty acids to such an extent that uncoupling is a physiological response. 
It is difficult to distinguish between these two possibilities although, if 
precautions are taken to maintain a low concentration of fatty acids during 
the preparation of the mitochondria from brown adipose tissue, they appear 
to be more sensitive to the uncoupling action of externally-added fatty acids 
than mitochondria from other tissues (for example, liver).!!? This suggests 
that the uncoupling action of fatty acids might be physiologically important 
in initiating thermogenesis in brown adipose tissue. The effect of the un- 
coupling action would be to prevent conservation of the energy released 
from electron transport during the oxidation of fatty acids. Furthermore, 
uncoupling would lead to a decrease in the [ATP]/[ADP] ratio in the brown 
adipose tissue cell and this could increase the rate of the TCA cycle (Chapter 3, 
Section E.2) and the rate of electron transport (Chapter 1, Section D.2) 
Consequently mobilization of fatty acids within the brown adipose tissue 
cell could stimulate oxidative metabolism, respiration and ATP turnover 
as well as uncoupling oxidative phosphorylation. 


(b) Substrate cycles 


The significance of non-equilibrium reactions in ensuring the unidirec- 
tionality of metabolism has been discussed in Chapter 1 and it has been 
stressed that such reactions must liberate heat. Obviously, one mechanism 
for the production of heat in brown adipose tissue is to increase the flux 
through unidirectional reactions (provided that the non-equilibrium charac- 
teristics are maintained). However, the rate ofa unidirectional process cannot 
be increased indefinitely unless the product of that process can be continually 
removed. The problem of product removal can be overcome by combining 
two opposing processes to form a substrate cycle: in this case there is no 
product accumulation but there is a net loss of energy in the form of heat. 
In biological systems such reactions inevitably involve ATP hydrolysis 
(either directly or indirectly). Therefore an increase in the activities of the 
enzymes catalysing a substrate cycle leads to increased ATP turnover, 
Increased mitochondrial respiration and increased heat production. One 
example of such a substrate cycle, the triglyceride/fatty acid cycle, is shown 
in Figure 5.17. In this cycle, heat is generated by the continual operation of 


242 REGULATION IN METABOLISM 


the lipolytic and re-esterification processes. Heat will be released in all the 
reactions that are non-equilibrium (for example, lipolysis, fatty acid activa- 
tion, and glycerol phosphorylation). 
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Figure 5.17. The triglyceride/fatty acid cycle in 

brown adipose tissue. (1) Lipolysis (lipase). (2) Fatty 

acid activation (fatty acyl-CoA synthetase). (3) 
Esterification. (4) Glycerol kinase 
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From experiments with isolated brown adipose tissue in vitro, there is 
evidence that this cycle is stimulated by noradrenaline. Also, experiments 
with whole animals have shown that the rate of this cycle is increased upon 
exposure to cold. An increase in the incorporation of ‘С from '*C-labelled 
glucose into glyceride-glycerol has been observed in both types of experi- 
ment.!!^ This implies an increase in the rate of esterification. The presence of 
noradrenaline or exposure to cold also leads to an increase in the activity 
of the triglyceride lipase, which is probably the regulatory enzyme in this 
cycle. In addition, brown adipose tissue contains a higher activity of glycerol 
kinase than white adipose tissue,' !* so that a large proportion of the glycerol 
released upon lipolysis can be converted to glycerol phosphate and utilized 
for re-esterification. Consequently, this cycle is less dependent upon a supply 
of glucose than the equivalent cycle in white adipose tissue. 

Calculations based upon the incorporation of !^C from '*C-glucose 
into the glycerol moiety of triglyceride suggest that this cycle could account 
for only a small proportion of the heat produced by brown adipose tissue, 
even when glycerol kinase activity is taken into account.!!* Although such 
calculations must be very approximate, it can be concluded at the present 
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time that the major portion of the heat released from brown adipose tissue 
is produced by the failure of the mitochondria to conserve the energy of 
electron transport. 


30, 
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CHAPTER 6 


REGULATION OF CARBOHYDRATE 
METABOLISM IN LIVER 


A. INTRODUCTION 


Liver plays a fundamental role in the metabolism of carbohydrate, fat and 
amino acids and in this tissue the metabolic pathways for these compounds 
are closely integrated and regulated. The number of metabolic reactions 
involved in carbohydrate metabolism within the liver is so large that it 
would require a whole volume to discuss them in any detail. Therefore the 
authors have chosen to concentrate this discussion upon areas of carbo- 
hydrate metabolism that are related to caloric homeostasis, that is, the 
uptake and utilization of glucose and the process of glucose formation 
from noncarbohydrate precursors (gluconeogenesis). The first part of the 
chapter describes these processes and discusses their physiological impor- 
tance. The second part consists of a discussion of the regulation of the blood 
Sugar level by the liver, and the regulation of glycolysis and gluconeogenesis 
in liver and kidney cortex. 

: Chapter 7 contains a discussion of several areas of fat metabolism in the 
liver and emphasizes the interrelationships between fat and carbohydrate 
metabolism. Amino acid metabolism is discussed only in relation to gluco- 
Neogenesis, since it would require a separate volume for a detailed description 
and discussion. 


1. Carbohydrate utilization by the liver 


The hepatic portal vein carries about 70% of the blood reaching the liver: 
the remainder is supplied via the hepatic artery. The hepatic portal vein 
drains most of the absorptive area of the gut so that, apart from triglyceride 
Which is absorbed via the lymphatic system (see Chapter 5, Section A.1(a)), 
most compounds that are absorbed from the gut pass through the liver. 
Therefore the liver is favourably situated to function as the initial regulator 
Of the blood levels of many compounds that enter the body through the gut 
(see Figure 6.1). In higher animals (ruminants being an exception) most of 
the ingested carbohydrate enters the blood as glucose which is produced 
from digestive degradation of starch, glycogen, etc., although in man, at 
least in many of the developed countries, much of the ingested carbohydrate 
enters the gut in the form of sucrose (see Section A.1(b)). Glucose plays an im- 
Portant role as the primary fuel of respiration for many tissues and therefore 
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Small intestine 


Portal vein 


Figure 6.1. Anatomical relationship between liver, hepatic 
portal vein and the intestine 


its concentration in the blood must be regulated. Since most animals are 
intermittent feeders and digestion is reasonably rapid, large quantities of 
glucose may enter the hepatic portal vein soon after a meal and the con- 
centration of glucose in this vessel may increase to levels greater than 10 mM. 
However, ifthe peripheral blood glucose concentration exceeds about 10mM, 
the threshold of the renal tubular reabsorption system is exceeded and some 
of the glucose is lost in the urine, The liver possesses the facility for removing 
large quantities of glucose from the portal vein when the concentration 
exceeds the normal (about 5 mM). The mechanism for this removal depends 
upon the presence of the enzyme glucokinase, which catalyses the phos- 
phorylation of glucose to glucose-6-phosphate. This enzyme is similar to 
hexokinase but its properties are particularly related to the regulation of 
glucose uptake by the liver in response to changes in blood glucose con- 
centration (see Section В.І for a full discussion). 


(a) Metabolism of glucose in the liver 


Once glucose has been phosphorylated to glucose-6-phosphate, there are 
at least four pathways available for its utilization: glycogen synthesis, 
glycolysis, penfose phosphate pathway and hydrolysis to form glucose 
(Figure 6.2). Quantitative measurements of the relative rates of these path- 
ways under different conditions have been attempted by the use of specifically- 
labelled !*C-glucose, but since the pathways are complex and interrelated, 
the results of such experiments are difficult to interpret. Nevertheless, it is 
possible to provide some qualitative assessment of the rates of these various 
pathways. 
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Figure 6.2. Major metabolic pathways leading from the hexose monophosphates 
in liver 


(i) Glycogen synthesis. The pathway of glycogen synthesis and its control 
in liver appears to be generally similar to that in muscle (see Chapter 4). The 
function of liver glycogen is to provide a temporary carbohydrate reserve 
to maintain the blood glucose level when it is likely to be depleted (as in 
carbohydrate deprivation). In animals that are intermittent feeders, this 
Teserve will be important in the periods between meals and it will be 
important in man during the overnight fast and in the rat during the overday 
fast. In the rat the glycogen stores are depleted by about 75% during the 
day and so the stores must be replenished, during the feeding period at night, 
at a rate estimated to be about 0-5 umol of glucose residues per gram of 
liver per minute. Comparable rates of glycogen synthesis have been observed 
in the isolated perfused rat liver, provided that the liver is taken from a fed 
animal? The rate of glycogen synthesis in perfused livers from starved 
animals is low and this may be explained not only by glucosyltransferase 
existing in the inactive D form (owing to a low level of circulating insulin), 
but also by a decreased concentration of the enzyme. Thus, on re-feeding a 
48-hour-starved rat with glucose, there is a delay in the synthesis of glycogen 
of about 2 hours which may be explained by the time taken for synthesis of 
new enzyme.“ Nonetheless, during this two-hour period the liver is removing 
glucose from the portal blood and consequently this glucose must be 
degraded either by the pentose phosphate pathway or by glycolysis. 


(ii) Glycolysis. It is generally considered that the role of glycolysis in the 
liver is to supply precursors for biosynthetic processes, rather than to provide 
Pyruvate for oxidation. An important biosynthetic pathway in the liver is 
the formation of fatty acids (and hence triglyceride) from glucose. The 
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pathway for the biosynthesis of triglyceride and its control appear to be simi- 
lar in liver and adipose tissue (for description see Chapter 5, Section A.1(b)). 
However, the triglycerides that are synthesized in liver are not stored there 
permanently, they are secreted into the blood as VLDL and are transported 
to the adipose tissue for more permanent storage. In higher animals, adipose 
tissue and liver are the two important tissues for the biosynthesis of tri- 
glyceride from glucose, but the quantitative role of each tissue in the overall 
biosynthesis is still debated. Probably the distribution of fatty acid synthesis 
between different tissues is species dependent : in the rat as much as 30% 
may take place in liver. 

Since glucose oxidation may provide but little of the energy requirement 
for liver, it is an interesting exercise to consider just what fuel is oxidized 
by this tissue. In starvation a large proportion of the energy is probably 
obtained from the f-oxidation of fatty acids, which is important for the 
provision of ketone bodies (Chapter 7). However, fatty acid oxidation is less 
important in the fed state. The oxidation of keto-acids derived from amino 
acid degradation may be the main process for energy formation provided 
that the diet contains a reasonable amount of protein. 


(iii) Pentose phosphate pathway. The principal role of the pentose phosphate 
pathway in liver is the generation of NADPH for the reductive reactions 
involved in fatty acid synthesis (and also in cholesterol and steroid bio- 
synthesis). A quantitatively less important function of the pathway is the 
provision of pentose phosphates for the synthesis of nucleotides required 
for DNA and RNA synthesis, and this function may explain why the activity 
of the pathway is increased in response to partial hepatectomy.° 

It has also been suggested that the pentose phosphate pathway provides a 
bypass of the control of glycolysis at the phosphofructokinase reaction, since 
glucose-6-phosphate can be converted to triose phosphates via this pathway. 
It is possible that this bypass might be important in the removal of large 
amounts of glucose by the liver during the first two hours following re-feeding 
d iere since during this time glycogen synthesis does not take 
place. 


(b) Metabolism of fructose by the liver 


Fructose is metabolized by the liver according to the pathway described 
in Figure 6.3. Since fructose is converted via fructose-1-phosphate directly 
to triose phosphates by an aldolase reaction, its utilization does not require 
hexokinase or PFK. Since PFK is a regulatory enzyme for glycolysis in liver 
(see Section C.3), fructose bypasses the control of glycolysis at the PFK 
reaction and is able to increase the flux into the latter part of glycolysis. 
This latter portion of the glycolytic pathway provides acetyl-CoA for 
synthesis of long-chain fatty acyl-CoA and hence for synthesis of triglyceride. 
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Figure 6.3. Pathway of fructose metabol- 
ism in liver 


Therefore, it is possible to suggest that fructose feeding might increase the 
rate of hepatic lipogenesis and there is some evidence to support this idea. 
Feeding fructose to rats increases the activity of some of the enzymes (such as 
glucose-6-phosphate dehydrogenase and ATP-citrate lyase) involved in 
fatty acid synthesis in liver although it has no effect upon these enzymes in 
adipose tissue.* Furthermore, there is evidence linking sucrose feeding 
with increases in the plasma level of triglyceride in the rat and in man.” The 
Precise biochemical mechanism by which fructose feeding leads to increased 
hepatic lipogenesis and elevated plasma triglyceride levels is unknown. 
Nonetheless, it is possible to link this effect of fructose with the proposal that 
а high consumption of sucrose is a causative factor in the occlusive arterial 
disease, atherosclerosis, in which there is a deposition of fatty material in the 
arterial walls so that their internal diameter is reduced.!? 


2. Glucose production by the liver 


The normal diet for man and the natural diet for most omnivores is likely 
B Contain sufficient carbohydrate to satisfy the needs of the whole animal. 
ndeed, excess carbohydrate is often ingested and this will be converted to 


252 REGULATION IN METABOLISM 


triglyceride in the liver and adipose tissue (see above). Nevertheless, under 
certain conditions (starvation, low-carbohydrate diet, or sustained exercise, 
for example) the demand for glucose by the animal may exceed the amount 
that is absorbed from the gut. In these conditions the liver releases glucose 
into the bloodstream. This glucose release is achieved by the action of the 
enzyme glucose-6-phosphatase which hydrolyses glucose-6-phosphate in 
the liver cell. The immediate source of glucose-6-phosphate for glucose 
formation in the liver is glycogen. If the demand for glucose persists after 
the glycogen stores are depleted, glucose-6-phosphate will be produced by 
the process of gluconeogenesis. 


(a) Glycogenolysis in the liver 

In the rat, glycogen is broken down at a rate of about 0-5 ито! of glucose 
residues per gram of liver per minute during the diurnal fast,” which is 
similar to the rate of glucose release by the isolated perfused liver from a fed 
rat perfused with a glucose concentration of 6-7 mM.? This rate of glyco- 
genolysis would explain the depletion of liver glycogen during the diurnal 
fast. However, the rate of glycogenolysis can be increased in the perfused 
liver by lowering the perfusate concentration of glucose or by addition of 
hormones (such as adrenaline and glucagon) to the perfusate.? These experi- 
ments demonstrate that liver phosphorylase can be controlled by hormones 
and possibly by factors which depend on the concentration of intracellular 
glucose. However, in comparison to the large amount of work that has been 
carried out on muscle phosphorylase, very little work has been done recently 
on the liver enzyme. The mass-action ratio data suggest that the enzyme 
catalyses a non-equilibrium reaction. Phosphorylase activity is obviously 
regulated by factors other than the concentration of hepatic glycogen. The 
early work of Sutherland established that liver phosphorylase exists in two 
forms, a and b, and that the effect of AMP on the activity of b is much less 

than on muscle phosphorylase b. This suggests that liver phosphorylase b 
may be an inactive form of the enzyme under all conditions in the cell. 
Sutherland has also demonstrated that the conversion of phosphorylase b 
into a is stimulated by cyclic AMP. Furthermore, adrenaline increases the 
content of cyclic AMP in liver slices and this increase occurs before the 
increase in release of glucose by the slice. 

_ Thus, it can be suggested that the increased rate of glycogenolysis in the 
liver in the presence of glucagon or adrenaline is due to an activation of 
membrane-bound adenyl cyclase, an increase in the concentration of cyclic 
AMP, an activation of phosphorylase b kinase and a conversion of inactive 
phosphorylase b to active phosphorylase a. In other words the mechanism 
is very similar to that described in muscle. Recently, it has been reported that 
protein kinase is present in rat liver and that it can be activated by cyclic 
AMP.?? Apparently, it is not known whether protein kinase in liver is 
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capable of activation of phosphorylase b directly or whether inactive phos- 
phorylase b kinase is the substrate for this enzyme, as it is in muscle. Possibly 
a cascade mechanism is required for the control of phosphorylase activity 
in liver as in muscle (for discussion, see Chapter 4, Section D.3(b)(iv)). 

It is not possible to suggest a precise biochemical mechanism which could 
explain the controlled increase in glycogenolysis in liver during starvation. 
(The effect of starvation upon liver phosphorylase has not been studied in 
any detail) The hepatic content of cyclic AMP is elevated by about 60% 
in starvation in the rat!? and this may be due to an increase in the glucagon 
level and a decrease in the insulin level in the blood (see Chapter 5, Section 
B.4(b)). The stimulation of glycogenolysis that occurs in the perfused liver 
when the perfusate concentration of glucose is reduced cannot be satisfactori- 
ly explained at the present time. A biochemical explanation may be possible 
when more information is available concerning the properties of phosphory- 
lase a, phosphorylase b and the interconverting enzymes in liver. 


(b) Gluconeogenesis 


Certain tissues in higher animals have a continual requirement for glucose 
and therefore during conditions of carbohydrate deprivation it is essential 
that glucose is synthesized from non-carbohydrate sources by the process 
known as gluconeogenesis. The glucose-dependent tissues include brain, 
neryes, red blood cells, kidney medulla and testis. The latter three tissues 
derive most of their energy from the conversion of glucose to lactate since 
their oxidative capacities are very low. In brain and nerves the aerobic 
Capacity (that is, TCA cycle and electron-transport chain) would appear to 
be adequate for the provision of biological energy and most of the glucose 
that is removed by the brain is completely oxidized. The interruption of the 
glucose supply to the brain under normal conditions results in deterioration 
of function within 1 minute and irreversible damage within several minutes. 
The reason for this dependence on glucose is not known but a speculative 
Suggestion was put forward in Chapter 3, Section D.2(d)(i). It has recently 
been shown that in man the brain can adapt to prolonged starvation by 
reducing its requirement for glucose to only 25% of the normal: the oxidation 
Of glucose is replaced by oxidation of ketone bodies (see below). 

_Gluconeogenesis is probably required in all higher animals during starva- 
tion or when the diet is deficient in carbohydrate. It may be essential in 
carnivorous animals on a normal diet, but unfortunately these animals have 
been little studied in relation to glucose requirement and carbohydrate 
intake. On the other hand, ruminants have been studied in detail because 
Of the economic importance of the dairy industry and it is known that they 
have a constant requirement for glucose formation (see Section 2(b)(ii)). 


(i) Physiological importance of gluconeogenesis in man. The information 
that forms the basis for the following discussion has been collated from the 
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papers of Cahill, Owen and colleagues. !^! 5:16:17 On an average diet, man 
eats sufficient carbohydrate to satisfy the glucose requirements of the brain 
and other tissues (Table 6.1). The glucose requirement for the brain has been 
estimated at approximately 120g per day, and the requirement for the 
anaerobic tissues (kidney medulla, red cells, testis) may be about 40g per 
day. Muscle also utilizes glucose, but the amount that is used depends upon 
the duration and extent of the mechanical activity. The total musculature 
of man at rest may require about 30-100 g of glucose per day, but in starva- 
tion this glucose requirement may be severely reduced owing to the oxidation 
of fatty acids and/or ketone bodies. Therefore, the minimal glucose require- 
ment for an average man will be approximately 160 р per day. The carbo- 
hydrate reserves of the body (see Table 6.2) would satisfy the glucose demands 


Table 6.2. The energy reserves of man 


Fuel reserves in average man 


Fuel Tissue kcal g 
Triglyceride Adipose tissue 100,000 15,000 
Glycogen Liver 200 70 
Muscle 400 120 
Glucose Body fluids 40 20 
Protein Muscle 25,000 6,000 


The dataare assumed to represent an ‘average man’ weighing 70 kg(154 pounds)and measuring 
fan " in body surface area. In obese subjects the triglyceride stores can weigh as much as 
,000 р.'*. 


for about 12 hours. During this period, glycogenolysis in the liver would 
satisfy the requirements for glucose and it has been demonstrated (using the 
hepatic venous catheter technique) that glucose output from the liver is 
180-350 g per day under these conditions. However, man is able to survive 
Starvation for several months and therefore during this period glucose must 
be synthesized from non-carbohydrate precursors. 

Quantitatively, the most important precursors for gluconeogenesis are 
lactate, glycerol and the amino acids. Lactate is produced from glucose 
degradation in such tissues as the red cells and kidney medulla and, since 
this is а continual process, a cycle exists between lactate production in 
these tissues and its conversion to glucose in the liver and kidney. Conse- 
quently, from this lactate there is no net production of glucose for oxidation 
by tissues such as the brain. During starvation the triglyceride stores in the 
> tissue are mobilized by hydrolysis to fatty acids and glycerol: the 
tty acids are transported to other tissues to provide a fuel of respiration 
(Chapter 5) The glycerol is transported to the liver and kidneys where it 


256 REGULATION IN METABOLISM 


acts as a very important gluconeogenic precursor. All the amino acids, except 
leucine, can be degraded to form compounds that can be converted to glucose 
(see Table 6.3). Higher animals do not possess any large reserve of either 
amino acids or protein and therefore during starvation the proteins of 
skeletal muscle are broken down to provide the amino acids that function 
as precursors for gluconeogenesis. Some of the amino acids are deaminated 
in the liver and the ammonia that is produced is excreted, mainly in the form 
of urea. 


Table 6.3. Glucogenic and ketogenic amino acids**:** 


Glucogenic amino acids 
Gluconeogenic Ketogenic 

Amino acid precursor amino acid 
Glycine pyruvate, succinate Leucine 
Serine pyruvate Isoleucine 
Threonine propionate Phenylalanine 
Valine propionate Tyrosine 
Histidine a-ketoglutarate 
Arginine a-ketoglutarate 
Lysine a-ketoglutarate 
Cysteine pyruvate 
Proline a-oxoglutarate 
Hydroxyproline pyruvate 
Isoleucine propionate 
Phenylalanine fumarate 
Tyrosine fumarate 


One important question is whether during prolonged starvation the 
amount of glucose synthesized by the liver and kidney cortex is sufficient 
to account for the glucose requirements of the brain and other tissues. The 
amount of glucose that is synthesized from glycerol and amino acids can be 
estimated in two ways. First, the amount of glycerol released from the adipose 
tissue, which depends upon the rate of lipolysis, can be estimated from the 
caloric expenditure of the subject while the amount of amino acids degraded 
can be calculated from the nitrogen excreted per day. Second, and more 
directly, the uptake of precursors by the liver and kidneys can be measured 
by catheterization techniques and the glucose equivalence can be calculated 
(Table 6.4). 

Investigations have been carried out into the amount of glucose synthesized 
during prolonged therapeutic starvation of several obese subjects.“ 
The amount of glucose produced from glycerol remains fairly constant 
throughout a 5-6 week period of starvation. However, the excretion of 
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Table 6.4. Calculations of glucose production from glycerol, lactate (plus pyruvate) 
and amino acids during starvation in man 


Amount of glucose produced per day (g) 
د ر سسس‎ S E 
3 or 4 days of Several weeks 


Glucose precursor starvation of starvation 
Glycerol* 19 19 
Lactate + pyruvate 39 39 
Amino acids] 41 16 


Total glucose produced from above 
precursors by liver and kidney cortex§ 99 74 


Maximum glucose available for oxidation 
by the brain (i.e. glycerol and amino 


acid as precursors)|| 60 35 
Fuel requirement of brain 

(Glucose equivalents)** 120 120 
Suggested alternative fuel to glucose for 

braintt ketone bodies ketone bodies 


* Amount of glucose produced from glycerol is estimated from the amount of triglyceride 
hydrolysed per day. In starvation, 190 g of triglyceride is required to satisfy the caloric needs 
of the subject. Since glycerol represents 10% of triglyceride it can provide 19 g of glucose per 
day. This amount is confirmed by measurement of glycerol uptake by liver and kidney using 
catheterization techniques.“ 

t Amount calculated from glucose 1-С!“ turnover studies in man which gives values between 
27 and 58 g/day, and this is not affected by the dietary state. Also the measurement of lactate and 
pyruvate uptake by the liver and kidney in man by catheterization techniques estimates glucose 
formation as 39 g/day. 

Amount calculated from nitrogen excreted in urine (100 g protein produces 57 g glucose; 
1 g nitrogen is equivalent to 6-25 g protein). !9?* In early stages of starvation about 12 g nitrogen 
is excreted per day but this is decreased in prolonged starvation to 4-7 g/day. Catheterization 
studies in subjects undergoing prolonged starvation indicate an uptake of amino acids by liver 
and kidney which could theoretically produce 26 g glucose per day. 

КЕЧ prolonged starvation the hepatic-renal glucose production as measured by catheteriza- 
tion techniques provides an estimate of 86 g glucose per day" which is in good agreement 
with the 74 g obtained in this calculation. 
ul Catheterization techniques have been used to measure the A-V differences across the 
lien In prolonged starvation, glucose oxidation by the brain (excluding glucose converted to 

ш е, which is converted back to glucose in the liver and kidney) is estimated as 24 g/day. 

Oxygen uptake or total fuel utilization are measured by catheterization techniques." 
ў tt The rate of ketone body uptake by the brain has been estimated from A-V differences 
sing catheterization techniques.!$ These studies strongly suggest that ketone bodies аге 
the alternative fuel to glucose during starvation. 


nitrogen progressively declines from about 12 g per day on the first day of 
ту ок to about 4р per day after 4 weeks of starvation. Calculations оп 
d € amount of glucose that is synthesized from glycerol and amino acids 

emonstrate that, even for a short period of starvation (several days), insuffi- 


“ent glucose is produced to satisfy the requirement of the brain. After a 
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prolonged period of starvation the amount of glucose synthesized accounts 
for only about 25% of the total fuel requirement of the brain. These studies 
indicate that an alternative fuel must replace glucose during prolonged 
starvation in humans. 

This conclusion is supported by more direct studies of substrate utilization 
by the human brain.'’ These catheterization studies confirmed that glucose 
utilization by the brain is depressed by 75% during prolonged starvation. 
Furthermore, they showed that there is a marked A-V difference in the 
concentration of ketone bodies across the brain and from these data it can be 
calculated that the utilization of this fuel could account for about 75 % of the 
oxygen uptake (Table 6.4). Further evidence for the ability of brain tissue to 
utilize ketone bodies is presented in Chapter 7. 

The physiological importance of this transition of the brain towards the 
oxidation of ketone bodies is related to the availability of amino acids as 
glucose precursors. The only important source of the amino acids in starva- 
tion is skeletal muscle and, if the demand for glucose by the brain was 
maintained at 120 g per day during prolonged starvation, this would represent 
an enormous drain on the content of skeletal muscle in the body. In the 
natural state, skeletal muscle is of the utmost importance to an animal in 
capturing or foraging for food. Therefore any mechanism that conserves 
body protein during starvation will increase the possibility that the starva- 
tion period will be survived and therefore will be selectively advantageous. 


(ii) Physiological importance of gluconeogenesis in ruminants. The alimentary 
tract ofall true herbivores is adapted in one way or another so that the passage 
of food through the tract is delayed and bacterial fermentation of the bulky 
plant food (particularly cellulose) can take place. In ruminants this expanded 
part of the gut is represented by the rumen which is a complex fore-stomach 
of considerable size. In fact, the stomach of the ruminant consists of four 
compartments, rumen, reticulum, omasum and abomasum, and in adults 
the rumen accounts for about 80% of the total stomach volume: the capacity 
of the rumen in sheep is 4-10 litres and in cows is 100—300 litres. The rumen 
can be considered as a large fermentation chamber which provides a suitable 
environment for the continuous culture of the bacterial population. (See 
reference 18 for a discussion of ruminant physiology.) 

The advantage of the rumen is that the animal can obtain energy from the 
otherwise indigestible material of the plant cell wall, which is primarily 
cellulose. The cellulose is degraded by a series of enzymes within the bacterial 
cell and the product of this hydrolytic process is thought to be glucose. (The 
process is not very easy to study because the enzyme responsible for the 
initial attack on the cellulose is very labile. Thus, no cellulase activity can be 
detected in the rumen fluid and the cellulase activity in extracts of rumen 
bacteria is rapidly lost.) The glucose produced from the hydrolysis of the 
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cellulose is fermented by the bacteria to acetate, lactate and butyrate. The 
lactate is fermented further to propionate. These compounds are known 
collectively as the volatile fatty acids (VFAs) and they are the most important 
products of ruminant fermentation. They are readily absorbed from the 
rumen and constitute the major energy source in the ruminant. 

The main disadvantage of ruminant digestion is that the starch and sugar 
ingested by the animal are also fermented to VFAs by the bacteria. Therefore, 
the amount of carbohydrate that is absorbed by the gut is very small and 
probably arises from digestion of bacteria and protozoa when they pass 
from the rumen into the small intestine. It has been calculated that the total 
quantity of carbohydrate from this source will not amount to more than 5 or 
6g of glucose per day. Consequently, ruminants are constantly dependent 
upon gluconeogenesis. The main precursors for this process are lactate and 
propionate absorbed from the rumen. (The pathway for the conversion of 
propionate to glucose is shown in Figure 6.4.) 

In the very young ruminant, milk provides all the carbohydrate that is 
required but gradually, upon weaning, the animal ingests more plant food 
and relies less on the supply of milk from the mother. During the weaning 
period, the animal has both a partial dependence on milk and an active 
rumen. Milk passes directly from the oesophagus to the omasum and there- 
fore it bypasses the rumen so that its carbohydrate is not fermented. This 
bypass is achieved by means of the oesophageal groove and is brought into 
play by a reflex action stimulated by suckling. Therefore, in the young 
suckling animal, sufficient carbohydrate may be absorbed from the mother’s 
milk and gluconeogenesis is not required. However, in the fully weaned 
animal the glucose requirement must be satisfied by gluconeogenesis. 

Measurements of the uptake of glucose by the brain and central nervous 
system in the sheep suggest that these tissues utilize only about 5 g of glucose 
per day compared with 120 g рег day in man.* The low requirement for 
glucose could indicate that the gluconeogenic capacity in these animals is low. 
Somewhat surprisingly this is not the case, since it has been shown that the 
entry of glucose into the blood of the sheep amounts to about 86-115 g per 
day (not very much less than in man). Therefore the amount of glucose 
utilized by the brain in these animals is only about 5% of the total glucose 
synthesized (cf, man). What other tissues in the ruminant require large 
amounts of glucose? In the sheep it has been estimated that the udder 
requires between 60 and 80% of the total glucose produced by the animal 


КРМА А 
iis Possible that the sheep brain is able to utilize ketone bodies under fed conditions, so 
e lly the demand for glucose is low. However, recent measurements show that the 
а ће enzymes involved in ketone body utilization (3-oxoacid-CoA transferase and 
10-fold) tii "CoA thiolase—see Chapter 7, Section E.2) are much lower in sheep brain (almost 
sheep ai E in the brain from rat or mouse. It must remain a possibility that the brain of the 
ese f nd other ruminants is capable of oxidation of short-chain fatty acids (VFAs) and that 
atty acids are the primary fuel of respiration for this tissue. 
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Figure 6.4. Pathway of propionate metabol- 
ism in liver 
and in the,cow this requirement may be as high as 90 %.!° The udder requires 
glucose for milk production: glucose is necessary for the formation of lactose 
and it provides glycerol phosphate for triglyceride formation and glucose-6- 
phosphate for the pentose phosphate pathway which generates NADPH 
for fatty acid synthesis. In starvation (or when the quality of the food deterior- 
ates, particularly in the winter months) the rate of gluconeogenesis will be 
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reduced, owing toa lack of precursor, and the milk yield will suffer. Moreover, 
in an attempt to produce as much glucose as possible for milk formation the 
animals sometimes develop ‘bovine ketosis’, in which the ketone body levels 
in the plasma rise to very high values and acidosis and toxicity result. 


(iii) Gluconeogenesis and exhaustive exercise. The liver glycogen provides a 
buffer system which can maintain the blood glucose level for periods of up 
to 24 hours starvation. Once these glycogen stores are depleted, gluconeo- 
genesis must be stimulated in order to provide the glucose required by the 
brain and other tissues. However, liver glycogen can be acutely depleted 
by exhaustive exercise particularly after an overnight fast.?° In exercise the 
most important precursor for glucose formation will be lactate, which is 
produced from glucose and glycogen metabolism in muscle. If gluconeo- 
genesis were to be inhibited after severe exercise, hypoglycaemia with 
attendant malfunction of the nervous system could result. Experiments with 
the isolated perfused liver have demonstrated that alcohol is a potent 
inhibitor of gluconeogenesis." Thus, the oral administration of ethanol is a 
simple technique for the inhibition of this process in vivo and one for which 
humans are particularly amenable experimental subjects! It has been 
demonstrated that the administration of alcohol to human subjects immedi- 
ately after a period of exhaustive exercise prevented the subjects from main- 
taining the body temperature when the ambient temperature was about 14°C 
and the wind speed was about 15 km per hour.?? The average fall in the body 
temperature (rectal) of 7 subjects under these conditions (that is, after 
exercise and alcohol) was 2-22 °C. Alcohol caused a decrease in the plasma 
glucose level after exercise from 4-1 mM to 1:8 mM. If alcohol was not 
administered, the body temperature was maintained. Furthermore, the 
failure to maintain the body temperature after alcohol consumption could be 
prevented by the ingestion of glucose. These observations suggest a malfunc- 
tion of some part of the nervous system which is involved in temperature 
regulation. Perhaps this area of the nervous system is more sensitive to lack 
of glucose than others. The observation that administration of alcohol to 
human Subjects interferes in the control of body temperature may have 
Considerable practical importance in the treatment of people who have been 
Subjected to exposure (hill-walkers and mountaineers, for example), since 
this condition usually involves both starvation and exhaustion. The practice 
of administering alcohol to these people could be highly dangerous in that 
the inability to control temperature could result in hypothermia and death.” 


B. CONTROL OF GLUCOSE UPTAKE AND RELEASE 
BY THE LIVER 


, Variations in the dietary intake of carbohydrate will result in variations 
1 the concentration of glucose in the hepatic portal blood. The liver is 
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ideally situated to regulate the blood glucose concentration in response to 
such dietary variations. The liver also has the capacity to maintain the blood 
glucose concentration when the dietary intake is devoid of carbohydrate, as 
was recognized by Claude Bernard as early as 1850 (see reference 23). 

The first detailed biochemical experiments on the regulation of blood 
glucose by the liver were performed by Soskin and coworkers who used 
an in situ perfused dog liver preparation. They observed that, when the portal 
vein blood contained a high concentration of glucose, the liver removed 
glucose from the blood but, when the concentration was low, the liver 
released glucose into the blood. Moreover, the rate of uptake or release of 
glucose by the liver was proportional to the degree of hyper- or hypoglycae- 
mia.2* In other words, the higher the concentration of glucose above the 
normal, the more rapidly does the liver remove the glucose. Conversely, the 
lower the concentration below the normal, the more rapid is the release of 
glucose. The results of these studies have been confirmed by the use of 
catheterization techniques. and they show that the liver must be able to 
respond rapidly to changes in the concentration of glucose in the portal 
blood. 

In order to explain this physiological function of the liver at a biochemical 
level, one must know which reactions are responsible for the regulation of 
glucose uptake or release. Which reactions in the early stages of glucose 
metabolism can be described as regulatory? It is very unlikely that transport 
of glucose across the liver cell membrane is a regulatory process since it 
appears to be close to equilibrium. The experimental evidence in support 
of this is as follows. First, the liver cell membrane is generally more permeable 
than that of other tissues. Second, the intracellular concentration of glucose 
is usually very similar to the extracellular concentration (that is, the mass- 
action ratio approaches unity: see Chapter 3, Appendix 3.5). Third, extra- 
cellular '*C-glucose rapidly equilibrates with the intracellular glucose pool 
and the rate of equilibration is independent of the direction of glucose flux 
(that is, rapid equilibration occurs on addition of '*C-glucose to the perfusate 
despite the fact that glucose is being released by the liver). 

The early reactions of glucose metabolism in the liver are obvious candi- 
dates for regulation of the blood glucose level. Glucokinase, the enzyme that 
phosphorylates glucose, and glucose-6-phosphatase, the enzyme that 
hydrolyses glucose-6-phosphate to glucose, both catalyse non-equilibrium 
reactions: the mass-action ratios for these reactions are much smaller than 
the equilibrium constants (Table 6.5), and the maximum catalytic activities 
of these enzymes are much lower than other glycolytic enzymes (Table 6.6). 
However, there is no experimental evidence to indicate that these enzymes 
are controlled by factors other than the substrate concentrations. Indeed, 
the properties of these enzymes in vitro are consistent with regulation by 
substrate concentrations in vivo. 
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Table 6.6. Maximal activities of the enzymes of glycolysis and gluconeogenesis in liver 
and kidney 


Enzyme activities 
(umol/min/g fresh weight at 37°C) 


Liver Kidney 
Enzyme Rat All species Rat All species 

Hexokinase 07 05 79 56 
Glucokinase 43 20 — — 
Glucose-6-phosphatase 170 120 13-0 — 
Phosphoglucoisomerase 136-0 280-0 130-0 = 
Phosphofructokinase 33 50 57 73 
Fructose diphosphatase 15-0 20-0 17:0 14-0 
Aldolase 10-0 62 10-0 8.3 
Glyceraldehyde-3-phosphate 

dehydrogenase 170-0 150-0 200-0 200-0 
3-Phosphoglycerate kinase 150-0 130-0 170-0 150-0 
Enolase 170 53:0 530 53-0 
Pyruvate kinase 50-0 370 50-0 770 
Lactate dehydrogenase 230-0 230-0 170-0 170-0 
Pyruvate carboxylase 67 83 5.8 — 
Phosphoenolpyruvate 

carboxykinase 67 130 67 -— 


The activities are averages for the results reported in many different publications: they are 
presented for the rat and also for all vertebrate species for which data is available.^ 


1. Role of glucokinase in the regulation of glucose uptake by the liver 


The ability of liver to remove glucose from the portal blood when the 
concentration increases above the normal was explained upon the discovery 
of the enzyme glucokinase. This enzyme, like hexokinase, catalyses the 
phosphorylation of glucose to form glucose-6-phosphate but its activity in 
liver is about 10-fold higher than hexokinase. 


glucose + ATP — glucose-6-phosphate + ADP 


The important differences between the two enzymes are that glucokinase, 
unlike hexokinase, has a high K,, for glucose (10 mM) and is not inhibited 
by glucose-6-phosphate (see Table 6.7). These two properties are the basis for 
a theory of regulation of glucose uptake which is consistent with the physio- 
logical function of the liver. After a carbohydrate-containing meal the glucose 
concentration in the portal blood increases from about 5 mM to 12 mM or 
more and, since glucose transport into the liver cell is an equilibrium pro- 
cess, the intracellular glucose concentration increases over a similar range. 
This increase in glucose concentration produces a substantial increase in the 
activity of glucokinase and automatically increases the uptake of glucose by 
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Table 6.7. Properties of glucokinase and hexokinase from rat liver" 


Property Glucokinase Hexokinase 
K,, for glucose 10mM 0-01-0:1 mM 
Inhibition by glucose-6-phosphate No Yes 

Ability to phosphorylate fructose Poor Good 
Inhibition by N-acetyl glucosamine Strong Weak 


Approximate maximum catalytic activity 
in livers from fed rats (umol/min/g 
fresh weight at 25 °C) 1-5 0-1 


theliver. The high K „of glucokinase for glucose is vital to the operation of this 
control system because hexokinase would be saturated at 1 mM glucose and 
a change from 5mM to 12mM would have no effect on its activity (see 
Figure 6.5). Furthermore, the absence of product inhibition of glucokinase 
ensures that the hepatic concentration of glucose-6-phosphate does not 
interfere with the process of glucose uptake. A stimulation of glucokinase 
activity would be expected to increase the hepatic concentration of hexose 
monophosphates and this in turn should stimulate PFK (Chapter 3, Section 
D.3(b)) and UDPG-glucosyltransferase (Chapter 4, Section E.2). Thus, the 
presence of glucokinase in liver can provide a control system in which an 
increase in the portal concentration of glucose will increase glucose uptake 
by the liver and stimulate glycolysis and glycogen synthesis. 
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Figure 6.5. Variation of enzyme activity with substrate 
concentration for hexokinase and glucokinase 
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The function of glucokinase in liver can be seen as a bypass of the basic 
control mechanism of glycolysis as described for muscle (Chapter 3, Section 
D.3(b)). The physiological importance of this bypass is that it permits the liver 
to regulate glucose uptake according to the hepatic concentration of glucose 
and it also facilitates the conversion of the glucose residues that are removed 
from the blood to the storage products of glycogen (via glucosyltransferase) 
and triglyceride (via glycolysis and the fatty acid synthesizing system). 

The indirect evidence that supports this theory for the involvement of 
glucokinase in the regulation of glucose uptake by the liver is summarized 
below. 


(a) Glucokinase is found only in liver and this is the only tissue that is 
subjected to large variations in the extracellular glucose concentration 
owing to its direct link with the absorptive area of the intestine. 

(b) The activity of glucokinase varies markedly with the dietary state: a 
diet rich in carbohydrate increases the activity whereas starvation or a low- 
carbohydrate diet reduces the activity (Table 6.8). These changes in activity 
appear to be due to changes in the concentration of the enzyme-protein and 
they may be controlled by insulin.?" 


Table 6.8. Activities of glucokinase in rat liver in various physiological conditions 


Glucokinase activities (umol/min/g fresh weight) 
B С 


Condition of rats A 
Fed controls 1-46 + 0:20 (3) 1-22 + 0-20 (3) = 
Starved 24 hrs 1-26 + 0-05 (6) 1-56 + 0-06 (3) = 
Starved 48 hrs 0-86 + 0-24 (3) 1-02 + 0-10 (3) 1.34 + 025 (4) 
Starved 80 hrs «0-05 — = 
Starved and re-fed 
glucose, or high 
glucose diet 
2 hrs — — 1-51 + 0:33 (3)f 
4 hrs — 1.06 + 008 (3)* 285-017 (4) 
6 hrs 0-11 + 0-04 (3)* — E 
15 hrs 0-51 + 0-12 (3)* — ES 
24 hrs | — — 440 + 0:32 (4)f 
Alloxan diabetic «005 (3) 0-21 + 0:03 (3) = 


Activities in A and B are expressed as means +SD and in C as means +SEM. Numbers of 
animals are given in parentheses. * 


* Rats starved 72 hours prior to re-feeding. 
T Rats starved 48 hours prior to re-feeding. 
Columns A, B and C refer to references 62, 26 and 63 respectively. 


(c) Glucokinase is absent from the livers of ruminants, in which only а 
very small amount of glucose is absorbed from the intestine (see Section 


2(b)(iii)). 
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(d) Glucokinase is not present in the young rat before weaning. Thus, 
while the young rat is being fed by the mother the intake of carbohydrate is 
controlled, but once the young animal has to find food for itself, the intake 
of carbohydrate will vary and glucokinase will be essential for the control of 
the hepatic uptake of glucose. 


2. Regulation of glucose uptake and release by the liver 


Although the properties of glucokinase may satisfactorily explain the 
uptake of glucose by the liver, there is an obvious problem when the mecha- 
nism for release of glucose is considered. Liver will release glucose into the 
portal vein when the concentration falls below normal (about 5 mM). 
However, at the normal blood glucose concentration the activity of gluco- 
kinase in vitro is relatively high (about 25% of the maximum). At present 
there are no known properties of the enzyme which indicate that it would 
be inhibited when the portal blood glucose concentration is reduced below 
normal. Even the isolated perfused liver is able to respond to changes in 
glucose concentration and in this preparation the only factor controlling 
the uptake or release of glucose is the external glucose concentration. 
Therefore any hypothetical regulator for glucokinase (and also for glucose-6- 
phosphatase) would have to respond to changes in the concentration of 
glucose. Since a decrease from 6 mM to 4 mM glucose can produce a complete 
change in the direction of its metabolism by the liver, it is unlikely that 
glucose alone could directly regulate these enzymes. A metabolic intermediate 
related to glucose could regulate but, if it were to provide adequate activa- 
tion and inhibition, an amplification mechanism would be necessary. At 
present there is no evidence either for the existence of such a regulator or 
for the operation of an amplification mechanism and any theory of control 
based upon possible regulators of these enzymes must be highly speculative. 
Two alternative hypotheses have been put forward to account for the 
regulation of glucose uptake and release by the liver. 


(a) A substrate cycle catalysed by glucokinase and glucose-6-phosphatase 


у If glucokinase and glucose-6-phosphatase are both simultaneously active 
in liver, glucose will be converted to glucose-6-phosphate (with concomitant 
ATP hydrolysis) and glucose-6-phosphate will be converted back to glucose 
(and Р). This substrate cycle between glucose and glucose-6-phosphate 
= be very sensitive to changes in the concentration ofa regulator molecule. 
s е Substrate cycle can explain the physiological behaviour of the liver in 

the regulation of glucose uptake and release provided that the maximum 
cd of glucokinase exceeds that of glucose-6-phosphatase (in vivo) and 
that the activity of glucose-6-phosphatase and the concentration of its 
Tae (glucose-6-phosphate) remain fairly constant The theory proposes 
t the activity of glucokinase varies according to the glucose concentration 
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and that this regulates both the direction and the flux of glucose metabolism 
in theliver. Thetheory is explained quantitatively in Figure6.6and is described 
in reference 28 Qualitatively, it is explained as follows. As the glucose 
concentration approaches that which saturates glucokinase (approximately 
50 mM) the net rate of glucose uptake by the liver is given by the V, for 
glucokinase minus a constant rate which represents the activity of glucose-6- 


Net glucose 
uptake 


+ + 
ш ھ‎ 
о о 


+10 


Rate of net glucose phosphorylation 


0 5 10 15 20 25 
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Figure 6.6. A plot of glucokinase activity against glucose concentration illustrating 
the role of this enzyme in the regulation of glucose uptake and the role of glucokinase 
and glucose-6-phosphatase in the regulation of glucose release. For simplicity it has 
been assumed that the K,, of glucokinase for glucose is 5 mM. In the unbroken line, 
glucokinase has а Vmax of 100 units and the activity of glucose-6-phosphatase 
remains constant at 50. In the broken line the activity of glucokinase has been 
reduced to 80 while that of glucose-6-phosphatase has been increased to 60. This 
latter condition may represent the situation in starvation in that the sensitivity of 
glucose uptake to glucose has been decreased whereas that of glucose release has 
been increased (1.., at concentrations below 5 mM-glucose the rate of glucose 
release is greater for the broken line), Net glucose phosphorylation is indicated by 
positive values on the ordinate whereas net glucose release is indicated by negative 
чане de rates of glucose phosphorylation or release are calculated from the 
equation 


V. [glucose] 
[glucose] + Kp 


where V maxis the maximum activity of glucokinase, K,, is 5 mM and V’ represents 
the constant activity of glucose-6-phosphatase (i.e. 50 or 60) 


v= y 
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phosphatase. As the glucose concentration is lowered towards the normal 
(5mM), the activity of glucokinase will decrease until it approaches that of 
glucose-6-phosphatase. At about 5mM glucose, the activities of both 
enzymes will be equal and there will be no net uptake or release of glucose by 
the liver. As the concentration of glucose is lowered still further (below 
5 mM), the activity of glucokinase will be decreased below that of glucose-6- 
phosphatase and a net hydrolysis of glucose-6-phosphate will occur. Thus, 
the liver will release glucose into the blood stream. Therefore changes in the 
blood glucose level control the direction of glucose metabolism. The theory 
provides a biochemical explanation for the observations that the rate of 
uptake or release of glucose by the liver is proportional to the degree of 
hyperglycaemia or hypoglycaemia, respectively (see Figure 6.6). In this 
control system, regulation is achieved merely through changes in the blood 
glucose level. No specific regulator molecules are required. 

At present there is no direct evidence to support or refute the theory of 
substrate cycling. Although the simplicity of the mechanism has been 
emphasized, it does, however, depend upon the activity of glucose-6-phos- 
phatase remaining fairly constant and this in turn depends upon a constant 
glucose-6-phosphate concentration. Thus, the flux into the hexose mono- 
phosphate pool must be increased, when the rate of glucose release by the 
liver is increased, in order to maintain a constant level of glucose-6-phos- 
phate. This could be achieved by the control of glycogenolysis in concert 
with glucose-6-phosphate hydrolysis (‘control in series’; see Chapter 3, 
Section D.4(b)) but it is not possible to propose a satisfactory theory because 
of inadequate knowledge of the control of liver phosphorylase. Alternatively, 
the increased formation of glucose-6-phosphate could arise from a stimula- 
tion of gluconeogenesis (see later). 


(b) ‘Compartmentation’ of glucokinase and glucose-6-phosphatase in the 
regulation of glucose uptake and release 

The ‘compartmentation’ theory proposes that glucokinase and glucose- 
6-phosphatase are never simultaneously active because they are retained in 
Separate compartments of the cell and the substrates and products of the two 
enzymes are not permitted to mix. The glucose-6-phosphate produced by 
the action of glucokinase may function as precursor for glycolysis or for 
slycogen synthesis, but never as a substrate for glucose-6-phosphatase. The 
substrate for glucose-6-phosphatase is provided by glycogenolysis or gluco- 
Neogenesis. Also, any glucose produced by the action of the phosphatase is 
released into the blood and is prevented from contact with glucokinase. 
. There is no direct evidence to support this theory but there is some 
indirect evidence (for discussion of ‘compartmentation’ in liver see references 
2 and 30). The precise intracellular location of many enzymes is a major 
biochemical problem at the present time and therefore it is not surprising 
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that little information is available about the intracellular distribution of 
glucokinase and glucose-6-phosphatase. Glucokinase is apparently present 
in the soluble cytoplasm (that part of a cell homogenate that does not sedi- 
ment at 100,000g), whereas glucose-6-phosphatase is associated with the 
endoplasmic reticulum fraction. This, however, hardly constitutes evidence 
for the physical separation of the two enzymes in the liver cell. 

Furthermore, simple physical separation of glucokinase and glucose-6- 
phosphatase does not by itself provide a satisfactory theory for the control of 
blood glucose. For example, the membrane or membranes that separate the 
enzymes must be capable of distinguishing between glucose-6-phosphate 
produced from gluconeogenesis (or glycogenolysis) and that produced by the 
action of glucokinase. Alternatively, not only must these two enzymes be 
physically separate, but also the processes which produce glucose-6-phos- 
phate for glucose-6-phosphatase (glycogenolysis and gluconeogenesis) must 
be separate from the processes that utilize glucose-6-phosphate produced by 
glucokinase (see Figure 6.7). 


Blood flow in hepatic~ 
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Glycogen 4— 6—6-P UM 


Figure 6.7. ‘Compartmentation’ theory for the control of gly- 
colysis and gluconeogenesis 


The ‘compartmentation’ theory relies upon a degree of structural organi- 
zation in order to provide a satisfactory control mechanism. The substrate- 
cycling theory appears to be considerably more simple. This comment must 
not imply that structural organization (‘compartmentation’) does not play 
any role in metabolic regulation. Probably it plays a fundamental role, 
although not necessarily a monopolistic one. Substrate cycling is an example 
of chemical organization as opposed to physical organization. In the case of 
the control of glucose uptake and release by the liver the chemical organiza- 
tion appears to possess the advantage of simplicity. 
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C. CONTROL OF GLYCOLYSIS AND GLUCONEOGENESIS IN 
LIVER AND KIDNEY CORTEX 


The regulation of glycolysis has not been studied as thoroughly in liver 
and kidney cortex as in other tissues (such as brain, muscle and red blood 
cells) and there are several reasons for this apparent lack of interest. The rate 
of glycolysis in experimental preparations of liver and kidney cortex is low 
and therefore difficult to measure. The process can be studied in vitro using 
either liver slices or an isolated perfused liver but both preparations present 
problems. The cells in the liver slices rapidly lose metabolic intermediates 
and cofactors to the medium and glycolysis is inhibited by lack of cofactors. 
A perfused liver taken from a fed animal does utilize glucose but there occurs 
also a degradation of endogenous glycogen to produce glucose which inter- 
feres with a precise measurement of glucose uptake. A perfused liver taken 
from a fasted animal readily produces glucose (even in the absence of external 
precursors), so that only if the external glucose concentration is considerably 
elevated will the liver remove glucose, but under these conditions the rate of 
glucose utilization cannot be measured. Nonetheless, there is no doubt that 
both in vivo and in vitro the liver can remove glucose from the blood and 
convert it into pyruvate and lactate." Furthermore, under anaerobic con- 
ditions, glycogen is converted to lactate at a rate that is predicted from the 
maximum activity of РЕК in this tissue. 

In contrast to glycolysis, gluconeogenesis has been studied in detail in 
these tissues. However, any satisfactory theory of control of gluconeogenesis 
must also account for the control of glycolysis. 


1. Pathway of gluconeogenesis 


The pathway for glucose formation in liver and kidney cortex is shown in 
Figure 6.8. Many of the gluconeogenic reactions are identical to those of 
glycolysis; such reactions are always close to equilibrium so that the rate and 
the direction of flow of residues can be changed by variations in the con- 
centrations of substrates and/or products of these reactions. On the other 
hand, the reactions of glycolysis that are non-equilibrium (those catalysed 
by hexokinase, phosphofructokinase and pyruvate kinase—see Chapter 3, 
Section B), release a considerable amount of energy as heat and therefore 
cannot be easily reversed (see Chapter 1, Section B.2(d)). These specific ‘energy 
barrier’ reactions must be bypassed in the gluconeogenic pathway.?? The 
reactions catalysed by hexokinase and phosphofructokinase are both 
bypassed by hydrolytic cleavage of the phosphate ester bond: glucose-6- 
Phosphate is hydrolysed to glucose and inorganic phosphate, a reaction that 
is catalysed by glucose-6-phosphatase; fructose-1,6-diphosphate is hydro- 
lysed to fructose-6-phosphate and inorganic phosphate, a reaction that is 
Catalysed by fructose diphosphatase. The pyruvate kinase-bypass consists of 
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Here emere ees = to oxaloacetate їп а reaction 
involving hydrolysis and catalysed by pyruvate carboxylase. Conversion 
of oxaloacetate to involves a decarboxylation and 


enolpyruvate carboxykinase (PEPCK) 


3 
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‘The three main precursors for gluconeogenesis are lactate, glycerol and 
amino acids Lactate is converted to pyruvate by the lactate dehydrogenase 
reaction and enters the gluconeogenic pathway at pyruvate carboxylase. 
Glycerol enters the pathway by phosphorylation to glycerol phosphate and 
oxidation to dihydroxyacetone phosphate, catalysed by glycerol kinase and 
glycerol phosphate dehydrogenase, respectively. All of the amino acids 
except leucine can give rise to gluconeogenic precursors.** The points of 
entry into the gluconeogenic pathway of some of these amino acids are 
shown in Figure 6.9. The pathways by which amino acids are degraded to 
gluconeogenic precursors are adequately described in most 
chemistry texts (see also reference 34). 
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amino acid content of protein. These amino acids are degraded to glutamate 
which is either transaminated to form oxoglutarate and alanine or aminated 
to form glutamine. Thus, muscle tissue releases considerable amounts of 
alanine? and glutamine? which are transported via the blood to the liver.?? 
In accordance with this role of muscle is the fact that high rates of gluconeo- 


genesis are obtained from the perfused liver when either glutamine or alanine 
is the substrate (Table 6.9). The concept of a glutamine-alanine cycle has 


Table 6.9. Rates of gluconeogenesis from various 
precursors in the perfused rat liver 


i—i 


Glucose formed 


Substrate added (umol/min/g fresh liver) 
Nil 0-14 
Lactate 1-06 
Pyruvate 1.02 
Glycerol 0-48 
Fructose 2.68 
Dihydroxyacetone 207 
L-Serine 0-98 
L-Alanine 0-66 
L-Proline 0-55 
L-Glutamine 0-45 
L-Threonine 0-40 
L-Glutamate (Na salt) 0-31 
L-Arginine 027 
L-Aspartate 0-23 
L-Isoleucine 0-22 
L-Ornithine 0-19 
L-Valine 0-12 


f Female rats were used and were starved for 48 hours prior to use. Final substrate concentration 
in the perfusate was 10 mM.*” 


been developed to describe the roles of muscle and liver in the provision and 
Py: of amino acids for the process of gluconeogenesis (see Figure 

Most of the glycerol that functions as precursor for gluconeogenesis is 
derived from lipolysis in adipose tissue. During starvation the hydrolysis of 
stored triglyceride provides this important gluconeogenic precursor (glycerol) 
as well as the main oxidizable fuel for the body (fatty acids). It must be empha- 
sized that in higher animals there is no net conversion of fatty acids into 
glucose. In some bacteria and plant seedlings, fatty acids can be converted to 
glucose via the glyoxylate cycle?" but this pathway has never been demon- 
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Figure 6.10. The glutamine-alanine cycle between muscle and liver. (1) Protein 

catabolism in muscle. (2) Degradation of amino acids in muscle. (3) Glutamine 

synthetase. (4) Glutamate-pyruvate transaminase in muscle. (5) Glycolysis in muscle. 

(6) Glutamate-pyruvate transaminase in liver. (7) Glutaminase. (8) Gluconeo- 
genesis 


strated in higher animals. The reason why fatty acids cannot give rise to 
glucose, in the absence of this cycle, is simply that they are degraded to 2- 
carbon units (acetyl-CoA) before entering the TCA cycle and in the first 
part of this cycle, two carbon atoms are lost as CO, (see Figure 6.11). In the 


Fatty ocyl- CoA 
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Acetyl-CoA 
(20) 
Citrate synthase 
Oxaloacetate (4C) Citrate (6C) 
Isocitrate dehydrogenose 
Phosphoenolpyruvate 


Succinate (4C) Oxoglutorate (5C) 


IGluconeogenesis Oxoglutarate dehydrogenase 
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Figure 6.11. Loss of two carbon atoms during catabolism of 
acetate in the TCA cycle 
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glyoxylate cycle, isocitrate is split into glyoxylate and succinate and hence 
bypasses the two reactions in which CO, is lost. 


2. Non-equilibrium reactions in glycolysis and gluconeogenesis 

It should be clear from the discussion in Chapter 1 that both the glycolytic 
and gluconeogenic pathways must be non-equilibrium, so that either a net 
conversion of glucose to pyruvate or a net formation of glucose from gluco- 
neogenic precursors can occur at any time. However, the non-equilibrium 
characteristics of the pathways as a whole arise from only a few reactions 
that are displaced far from equilibrium. The glycolytic reactions that are 
close to equilibrium are used by both pathways. 

Experimental evidence for identifying such reactions is based on mass- 
action ratio data and maximum enzyme activities. A comparison of the mass- 
action ratios with the apparent equilibrium constants for both pathways is 
provided in Table 6.5. These data indicate that the reactions catalysed by 
glucokinase, glucose-6-phosphatase, PFK, FDPase, pyruvate kinase, PEPCK 
and pyruvate carboxylase are non-equilibrium. The maximal enzyme 
activities for the enzymes of both pathways are shown in Table 6.6. The low- 
activity enzymes are as follows: glucokinase, glucose-6-phosphatase, PFK, 
FDPase, aldolase, enolase, PEPCK and pyruvate carboxylase. Therefore 
the following enzymatic reactions can be classified as non-equilibrium: 
glucokinase, glucose-6-phosphatase, PFK, FDPase, pyruvate kinase, 
PEPCK and pyruvate carboxylase (cf. glycolysis in muscle, Chapter 3, 
Section B). 


3. Regulatory enzymes in glycolysis and gluconeogenesis 

. A problem arises in the interpretation of data from ‘crossover’ experiments, 
in the situation where two or more enzymes catalyse a pathway reaction in 
opposite directions (see Figure 6.12). If the substrate of one enzyme changes 
in the opposite direction to the flux, the cause could be either an activation 


Forword enzyme 


Reverse enzyme 


Direction of flux 


Figure 6.12 
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of the forward enzyme or an inhibition of the reverse enzyme. The precise 
interpretation has to be deferred until the properties of the two enzymes are 
known and a mechanism of control has been established. The simplest 
approach is to interpret any positive ‘crossover’ experiment as indicating 
that the reaction system catalysed by the two enzymes is regulatory, the actual 
mechanism of control depending upon the properties of the two component 
enzymes. 

The importance of glucokinase and glucose-6-phosphatase in providing 
a mechanism to explain glucose uptake and release by the liver has been 
discussed in detail in the previous section. The experimental evidence 
indicating that the PFK-FDPase and pyruvate carboxylase/PEPCK/ 
pyruvate kinase enzyme systems are regulatory has been discussed in detail 
ina review article?® and will not be repeated here. Since the publication of this 
review article, Williamson and coworkers have performed experiments with 
the perfused liver in which it has been demonstrated that perfusion with 
fatty acids increases the rate of gluconeogenesis from lactate, alanine and 
other precursors, and that the concentrations of pyruvate and fructose 
diphosphate (under certain conditions) are decreased.*® These results 
support the conclusions that the pyruvate carboxylase/PEPCK/pyruvate 
kinase and PFK-FDPase enzyme systems are regulatory for glycolysis and 
gluconeogenesis in the liver. 

Recently it has been shown that ischaemia increases the glycolytic flux 
in the liver and kidney in situ. In both tissues, ischaemia produces an increase 
in the contents of hexose monophosphates (presumably because phosphory- 
lase is stimulated to a greater extent than PFK), but the content of phos- 
phoenolpyruvate is decreased. This indicates that pyruvate kinase in these 
tissues is controlled by factors other than the concentration of phospho- 
enolpyruvate.?? 


4. Regulatory properties of glycolytic and gluconeogenic enzymes 

The properties of the possible regulatory enzymes of these processes have 
been discussed in a review article?® and therefore will only be briefly sum- 
marized. PFK is inhibited by ATP and citrate and this inhibition is reduced 
by AMP, P,, fructose-6-phosphate and fructose diphosphate. FDPase is 
inhibited by AMP. Pyruvate kinase is inhibited by ATP and activated by 
fructose diphosphate. There are known to be two isoenzymes of pyruvate 
kinase in liver that are electrophoretically and immunologically distinct and 
Whose kinetic properties are different.?? The Km for phosphoenolpyruvate 
is 075 x 1074M and 0-84 x 107? M for the M and L isoenzymes, res- 
Pectively. The К, for ATP is 3-5 x 1073 Мапа 0-1 x 107° M for the M and L 
Isoenzymes, respectively. Only the L isoenzyme is activated by fructose 
diphosphate. Pyruvate carboxylase is activated by acetyl-CoA and inhibited 
by ADP. Although there have been a number of studies on the properties of 
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phosphoenolpyruvate carboxykinase, it appears to date to have few, if any, 
properties that could suggest control by feedback regulation of its activity. 
A number of theories for the regulation of glycolysis and gluconeogenesis, 
based upon some of these properties of the regulatory enzymes, have been 
suggested and some of these theories are discussed below. 


5. Regulation of glycolysis and gluconeogenesis under anaerobic conditions 


The anaerobic condition provides a very useful experimental tool with 
which to perturb the energy balance of a normally-aerobic cell. The resultant 
changes in the contents of metabolic intermediates may permit regulatory 
theories to be tested. 
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Figure 6.13. Regulation of glycolysis and gluconeogenesis 
by ‘energy status’ of the cell 


Anoxia and respiratory poisons increase the rate of glycolysis in kidney 
cortex slices, Acute ischaemia of the liver and kidney in situ also increases 
glycolysis. The total content of ATP is decreased severely under these 
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conditions and the content of AMP is increased. These changes would be 
expected to stimulate PFK and inhibit FDPase and hence stimulate glycolysis 
and inhibit gluconeogenesis (Figure 6.13). Experiments with the ischaemic 
liver provide some indirect evidence in support of this theory. The rate of 
lactate formation during the first few minutes of ischaemia is similar to the 
maximum activity of РЕК as measured in vitro. Since the maximum 
activity of FDPase in vitro is several times larger than that of PFK, this 
result demonstrates that ischaemia must cause severe inhibition of FDPase as 
well as stimulation of PFK. 

Ina very simple experiment it has been shown that perfusion of the isolated 
rat liver with 2mM AMP causes increased glycogenolysis and glycolysis and 
decreased formation of glucose from lactate.*® If it is assumed that some of 
the AMP enters the liver cell, the changes in glycolysis and gluconeogenesis 
are precisely those predicted by the theory proposed above. 

A satisfactory theory for the regulation of the enzymes controlling the 
interconversions of pyruvate and phosphoenolpyruvate under these condi- 
tions is more difficult to find. Anoxic or ischaemic conditions may be expected 
to stimulate pyruvate kinase by an increase in the concentration of fructose 
diphosphate and a decrease in the concentration of ATP. It is also possible 
that an increase in the intramitochondrial concentration of ADP would 
inhibit pyruvate carboxylase (Figure 6.13). 

Although the effects of anoxia and ischaemia on the rate of glycolysis in 
liver have been studied in some detail, the effects of these conditions on 
gluconeogenesis have not apparently been reported. In kidney cortex slices 
gluconeogenesis from glycerol or dihydroxyacetone is very rapidly inhibited 
by addition of cyanide.*! 


6. Regulation of glycolysis and gluconeogenesis by fatty acid oxidation 


The stimulation of gluconeogenesis by a compound which is not itself 
a precursor for glucose formation was first demonstrated іп 1965*? when it 
was found that acetoacetate increased glucose formation from lactate and 
other precursors in kidney cortex slices. It has since been demonstrated that 
fatty acids or ketone bodies decrease the rate of glucose uptake by kidney 
Cortex slices (see Table 6.10). Similarly, in the perfused liver, long-chain 
fatty acids have been shown to increase the rate of gluconeogenesis from 
lactate and other precursors (see Table 6.11), an effect which is abolished by 
à specific inhibitor of fatty acid oxidation. These effects of fatty acids on 
Bluconeogenesis in the perfused liver have been criticized on the grounds 
that concentrations of fatty acids much greater than those arising in vivo 
have been used. When the experiments have been performed at physiological 
levels of fatty acids there has been no stimulatory effect.*? Such criticism 
тау be valid, but there is no doubt that high concentrations of long-chain 
fatty acids stimulate gluconeogenesis in the perfused liver and this provides 
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Table 6.11. The effects of oleic acid on gluconeogenesis and the contents of metabolic 
intermediates in the perfused liver in the presence and absence of (+) decanoylcarnitine 


Rates of glucose formation (umol glucose/100 g rat) 


Oleate plus 
Perfusion time (min) Control Oleate decanoylcarnitine 
0 0 0 0 
15 20 60 10 
30 40 120 30 
45 60 170 50 
Contents in liver (umol/g dry wt. liver) 
ATP AMP Citrate Acetyl-CoA 
Control 9.54 0-47 3-32 0-12 
Oleate 6-73 113 804 021 
Oleate plus 
decanoylcarnitine 8.52 0.74 3.05 0-13 


——— л ТЕ 


Gluconeogenesis was measured by glucose formation from lactate, which was maintained at 
8-12mM by constant infusion. (+) Decanoylcarnitine is an inhibitor of fatty acid oxidation 
and it had no effect on the rate of glucose formation (or the contents of metabolic intermediates) 
when added to the control.?* 


a useful experimental tool for the investigation of the regulation of this 
process. 

Fatty acid oxidation in the liver and fatty acid or ketone body oxidation 
in kidney cortex slices increase the contents of acetyl-CoA and citrate. 
Therefore the stimulation of gluconeogenesis in these two tissues can be 
explained by an extension of the theory of the control of glycolysis in muscle 
(Chapter 3, Section D.5). The same theory will of course explain the inhibition 
of glycolysis by fatty acid oxidation in kidney cortex slices (Table 6.10). 
The increased intracellular concentration of acetyl-CoA decreases pyruvate 
oxidation (pyruvate dehydrogenase is inhibited) and increases pyruvate 
carboxylation to oxaloacetate (pyruvate carboxylase is stimulated).** The 
increased intracellular concentration of citrate inhibits PFK and reduces 
the glycolytic flux. If it is assumed that a substrate cycle exists between 
fructose-6-phosphate and fructose diphosphate (catalysed by the simul- 
taneous activities of FDPase and PFK), inhibition of PFK activity could 
lead to an increased rate of fructose diphosphate hydrolysis and a stimula- 
tion of gluconeogenesis (see Figure 6.14).*1:*° (A full discussion of the possible 
Operation of such a substrate cycle is provided below.) 
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Figure 6.14. Regulation of glycolysis, glyconeogenesis and 
fatty acid synthesis in the liver and kidney cortex by citrate 
and acetyl-CoA 


7. Regulation by the PFK-FDPase substrate cycle 

The amplification that can be provided by a substrate cycle has been 
discussed in Chapter 2, Section F.2(a)(i) and possible examples of substrate 
cycles have been discussed in relation to the control of glycolysis in certain 
skeletal muscles (Chapter 3, Section D.4(e)) and in relation to the control of 
glucose uptake by the liver (Section B.2(a)). In liver and kidney cortex both 
PFK and FDPase must be present for the operation of the pathways of 
glycolysis and gluconeogenesis. Therefore, when there is net glycolysis, 
FDPase could be inactive and conversely, when there is net gluconeogenesis, 
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PFK could be inactive. An alternative possibility is that, under most physio- 
logical conditions, both these enzymes are simultaneously active and catalyse 
a substrate cycle. Although there is no direct evidence to support or refute 
the hypothesis of a substrate cycle at this enzymatic level in kidney cortex 
and liver, there is indirect evidence to support this theory. 


(a) Energy consumed by the PF K-FDPase substrate cycle in liver 


One of the main objections to substrate cycles in the control of metabolism 
is that they are energetically wasteful. In the PFK-FDPase cycle, one 
molecule of fructose-6-phosphate is converted to fructose diphosphate and 
back again at the expense of one ATP molecule, The maximum rate of 
cycling is determined by the activity of the enzyme that possesses the lower 
maximal activity as measured in vitro. For the above cycle the maximum 
activity of РЕК in liver is about 5 umol/min/g at 37°C, whereas FDPase 
activity is three times greater than this. Thus, the highest rate of ATP 
utilization by the cycle would be 5 umol/min/g at 37°C. The rate of ATP 
formation in the liver may be as high as 50 rmol/min/g (calculated from 
the oxygen uptake of the perfused liver),*® so that the PFK-FDPase cycle 
could account for no more than 10% of the total ATP production by the 
liver. Indeed, the properties of the two enzymes suggest that they would 
never be simultaneously maximally active, and therefore 10% is an over- 
estimate. 

However, in the case of this substrate cycle in liver, not all the energetic 
considerations are on the debit side. The substrate cycle ensures that the 
complex regulatory properties of PFK are available for control of both 
pathways (glycolysis and gluconeogenesis). If the two enzymes were to be 
controlled quite separately and independently (to avoid a substrate cycle) 
it might be expected that the properties of FDPase would be the mirror 
image of those of PFK—that is, FDPase would possess six regulatory 
properties instead of one. Since our stereospecific binding-site probably 
requires a peptide structure of molecular weight 10,000 or more, the energy 
expended in the synthesis of even one such peptide would be considerable. 


(b) The extra-oxygen uptake of gluconeogenesis 


, In the perfused liver (or kidney) added lactate is converted almost exclu- 
sively into glucose and the amount of glucose that is synthesized can be 
easily measured. Since the metabolic pathway of gluconeogenesis is well 
established, it is possible to calculate the amount of ATP required for the 
Synthesis of glucose and therefore the amount of oxygen required by the 
liver can also be calculated. However, when the oxygen uptake is actually 
measured, it is found to be considerably greater than that predicted from 
the calculation.“ This extra-oxygen utilization can be explained by the 
Occurrence of substrate cycles. The addition of lactate to the perfused liver 
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(in comparison to controls to which no lactate is given) raises the concen- 
tration of glycolytic intermediates, including those that are substrates for 
the ‘cycling’ enzymes.*" The increase in the concentration of the glycolytic 
intermediates initiates both glucose formation and substrate cycling so that 
the extra oxygen is consumed to provide the energy expended in such cycles 
(see Figure 6.15). 
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Figure 6.15. Energy expenditure in gluconeogenesis. —- — · — · —, ATP utilized 
in the net flux of 3-carbon residues to glucose. ———-—-, ATP utilized for the 


operation of substrate cycles 


(c) Effects of fatty acids and ketone bodies on glucose utilization and glucose 
formation in kidney cortex slices 


Kidney cortex slices take up glucose from an incubation medium at 
approximately 10 umol per gram fresh weight per hour. This uptake is 
reduced by at least 50% when fatty acids or ketone bodies are added to the 
incubation medium. The rate of glucose uptake is also decreased by starvation 
of the donor animal. However, if glycerol (or dihydroxyacetone) replaces 
glucose in the incubation medium, the kidney slices form glucose at a rate 
of approximately 10 umol/g/hr. This rate of glucose formation is doubled 
in the presence of fatty acids or ketone bodies. Starvation of the donor animal 
also increases the rate of glucose formation from glycerol In both cases 
there is no change in the rate of glycerol uptake by the tissue. In the control 
condition, about 50% of the glycerol is converted to glucose, and this 
increases to almost 100% in the presence of fatty acids or ketone bodies, 
or after starvation of the animal (Table 6.10). 

The effect of fatty acids, ketone bodies or starvation on kidney slices is 
to increase the contents of glucose-6-phosphate (fructose-6-phosphate was 
not measured but was assumed to be in equilibrium with glucose-6-phosphate) 
and citrate leaving the fructose diphosphate content unchanged (whether 
the substrate is glucose or glycerol) Thus, the theory that explains the 
inhibition of glycolysis by fatty acid oxidation in the perfused heart (Chapter 
3, Section D.5) can also explain the inhibition of glycolysis in kidney cortex 
slices. The increase in citrate concentration inhibits PFK and this increases 
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the glucose-6-phosphate concentration which inhibits hexokinase and re- 
stricts glucose phosphorylation and utilization.*^4? The stimulation of 
gluconeogenesis (from glycerol) by fatty acids or ketone bodies can also be 
explained on the basis of the above theory for control of glycolysis, provided 
that a substrate cycle exists between fructose-6-phosphate and fructose 
diphosphate in kidney cortex.“ 


8. Regulation of hepatic phosphofructokinase during starvation 


The concentrations of ketone bodies that stimulate gluconeogenesis in 
kidney cortex slices are within the physiological range and therefore their 
effect is probably physiologically important during starvation. However, the 
concentrations of fatty acids that stimulate gluconeogenesis in the perfused 
liver are much higher than occur in vivo. Therefore it is unlikely that this 
effect is physiologically important*? and the increased fatty acid oxidation 
which occurs in the liver during starvation is probably not responsible for 
the stimulation of gluconeogenesis. In accordance with this idea, the hepatic 
content of citrate is not elevated in starvation : indeed it is markedly reduced.** 
(This situation is in contrast to that in heart muscle and kidney cortex.) 
Nonetheless, the rate of gluconeogenesis and hence the rate of fructose 
diphosphate hydrolysis is increased in the liver, but this cannot be explained 
by inhibition of PFK through changes in the concentration of citrate. 
Moreover, since the maximal activities of PFK and FDPase do not change 
during starvation, variations in the total catalytic capacities of these enzymes 
cannot be responsible. 

One plausible theory of control of hepatic PFK during starvation empha- 
sizes the critical balance between glycogenolysis and gluconeogenesis in 
liver.*? The liver glycogen in the rat is depleted by about 70% after the 
diurnal fast and is almost completely depleted after 24 hours of starvation 
(Table 6.12). The rate of glycogenolysis during the first 24 hours of starvation 


Table 6.12. Glycogen content of rat liver during starvation 


Glycogen content 
(umol glucose equivalent/g 
Time of starvation (hours) fresh weight of liver) 
0 218 
6 231 
12 56 
27 9 
35 2 
48 4 


212048. кыйыл аде goer BOSE 
The values given are the means of four determinations. Zero time r Мо 
Overnight feeding period.*® 
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may provide sufficient glucose for the demands of the whole animal. There- 
fore, during this period it is probably important that gluconeogenesis in the 
liver should be restricted in order to avoid over-production of glucose arising 
from the simultaneous stimulation of both glycogenolysis and gluconeo- 
genesis. The restriction of gluconeogenesis may occur at the substrate cycle 
between fructose-6-phosphate and fructose diphosphate, since the main- 
tenance of PFK activity will prevent a net hydrolysis of fructose diphosphate. 
However, the glycogen reserves of the liver are eventually depleted (after 
about 24 hours of starvation in the well-fed rat) and at this time it will be 
necessary to remove the restriction on the hydrolysis of fructose diphos- 
phate. How can this be achieved? A consideration of the hexose mono- 
phosphate levels provides an answer. Although it is well known that the 
hexose monophosphate contents of the liver are decreased by starvation, it 
has been observed that during the early stages the hexose monophosphates 
are maintained at the fed levels. It is only when the glycogen reserves are 
near depletion that they are decreased.*® Since fructose-6-phosphate is a 
substrate for PFK, a decrease in its concentration will decrease the activity 
of this enzyme (in effect, the ATP inhibition of PFK is increased). Ifa substrate 
cycle occurs between fructose-6-phosphate and fructose diphosphate, a 
decrease in PFK activity will result in an increased hydrolysis of fructose 
diphosphate. Thus, the maintenance of the hexose monophosphate concen- 
tration is considered to restrict gluconeogenesis at the level of FDPase 
until the glycogen store is depleted. A precise explanation for the delayed 
response to starvation of the hexose monophosphate concentration is not 
immediately apparent, but one possibility is that the gradual, long-term 
changes in the activities of glucokinase and glucose-6-phosphatase (together 
with the decreased rate of glycogenolysis) are responsible. 


9. Control of gluconeogenesis by substrate availability 


The main precursors for glucose formation in the liver are glycerol, 
amino acids and lactate. Experiments with the perfused rat liver suggest 
that an increase in the plasma concentration of any of these precursors 
could result іп a stimulation of gluconeogenesis.'? For example, the half- 
maximal rate of gluconeogenesis from glycerol is obtained at a concentration 
of 0-5 mM: the plasma level of glycerol in the fed animal is 0-1 mM and this 
is doubled during starvation. There is no clear-cut evidence that the plasma 
level of amino acids is increased during starvation. However, increased 
substrate availability for gluconeogenesis could also arise from a stimulation 
of amino acid transport into the liver cell. 

There is some evidence that this transport process is modified by hormones: 
for example, glucagon stimulates the transport of alanine into the liver cell. 
It is not known if this hormone stimulates the transport of all the amino 
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acids but the inward transport of lysine and of the non-metabolizable 
amino acids, «-aminoisobutyrate and cycloleucine, are also increased. 

Amino acids which function as precursors for gluconeogenesis during 
starvation are obtainéd from the breakdown of protein in muscle. This 
catabolism is increased during starvation and changes in the circulating 
levels of glucocorticoids and insulin may be responsible. The lack of insulin 
will result in a depression of protein synthesis, whereas the glucocorticoids 
stimulate protein degradation. The biochemical mechanisms by which 
proteins are degraded are largely unexplored at present and therefore it is 
not possible to propose a plausible theory for the action of glucocorticoids. 
The subject of control of protein concentration by effects on synthesis and 
degradation has been reviewed by Schimke.5! 

The plasma lactate concentration is known to increase to very high values 
(20mM) during vigorous exercise. This would undoubtedly stimulate 
gluconeogenesis. (Indeed, the liver and kidney cortex play an extremely 
important role in reducing the plasma level of lactate during severe exercise.) 
However, it seems unlikely that an increase in the concentration of lactate 
alone can lead to increased activities of all the gluconeogenic enzymes. 
Therefore the possibility that lactate could produce changes within the 
liver that could stimulate gluconeogenesis has been investigated. Adminis- 
tration of lactate to an intact animal raises the content of pyruvate in the 
liver and this should stimulate pyruvate carboxylase. The administration of 
lactate also increases the hepatic content of citrate and this would be expected 
to inhibit PFK and hence lead to stimulation of fructose diphosphate 
hydrolysis.°* 


10. Regulation of gluconeogenesis by hormones 

In recent years a great deal of experimental work has been carried out 
upon the effects of hormones on gluconeogenesis both in the intact animal 
and in the isolated perfused liver. Unfortunately it is still not possible to 
formulate a satisfactory theory of control of the gluconeogenic enzymes by 
hormones. The effects of hormones on gluconeogenesis have been discussed 
ina review in 196728 and since then the major developments in this field stem 
from the work of Exton and Park who have used the isolated perfused liver 
to study the stimulation of gluconeogenesis by glucagon, adrenaline and 
glucocorticoids and its inhibition by insulin. 12:0 


(a) Effect of glucagon on gluconeogenesis 

In a review article?’ it was suggested that the effects of glucagon on 
gluconeogenesis might be explained by a stimulation of hepatic lipolysis 
and that the resultant increase in fatty acid oxidation would lead to elevated 
Concentrations of acetyl-CoA and citrate. Gluconeogenesis would be 
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stimulated as described above. However, in careful, precise experiments 
with the perfused liver, Exton and Park have shown that the effect of glucagon 
on gluconeogenesis occurs at physiological concentrations of the hormone, 
whereas the effects on lipolysis and ketosis occur at concentrations that 
are probably not physiological. Furthermore, these workers have shown that 
only very high concentrations of fatty acids are effective in the stimulation 
of gluconeogenesis. Even at a concentration of 1-8 mM, fatty acids (bound 
to a physiological concentration of albumin) did not cause a stimulation of 
gluconeogenesis^? although the rate of ketone body formation was increased 
and presumably the content of acetyl-CoA was also increased (although it 
was not measured). Exton and Park conclude that the acetyl-CoA effect on 
pyruvate carboxylase is unimportant in the control of gluconeogenesis and 
that glucagon must stimulate gluconeogenesis by other means. 


(b) Cyclic AMP and gluconeogenesis 


Both glucagon and adrenaline stimulate adenyl cyclase in liver and increase 
the content of cyclic AMP. Therefore the stimulatory effect of these hormones 
upon gluconeogenesis may be exerted through an increase in the concentra- 
tion of cyclic AMP. The evidence in support of this idea is as follows. The 
effect of glucagon upon gluconeogenesis is very rapid: a stimulation of ‘С 
incorporation from !^C-lactate into glucose is detectable within 40 seconds 
after the administration of glucagon to the perfused liver. The concentration 
of glucagon that stimulates gluconeogenesis half-maximally is the same as 
that which stimulates glycogenolysis and adenyl cyclase (іе. 2 x 10 '? M).°° 
The addition of cyclic AMP to the perfusate of an isolated rat liver stimulates 
gluconeogenesis (as measured by '*C incorporation from '*C-lactate into 
glucose). +° 

In general, the effects of glucagon, cyclic AMP and adrenaline on the 
contents of gluconeogenic intermediates in the perfused liver are very 
similar. In particular, a ‘cross-over’ is observed between pyruvate and 
phosphoenolpyruvate ([pyruvate] is decreased and [phosphoenolpyruvate] 
is increased). Thus the hormones (and therefore cyclic AMP) increase the 
conversion of pyruvate to phosphoenolpyruvate. Exton and Park rule out 
the possibility that this is due to an inhibition of pyruvate kinase (and an 
increase in phosphoenolpyruvate formation due to a substrate cycle) by 
demonstrating that glucagon has no effect on the conversion of fructose or 
dihydroxyacetone to lactate. Therefore they conclude that cyclic AMP 
increases the activity of either pyruvate carboxylase or PEPCK (or both). 9 
Further experiments involving the incorporation of !^C from !*C-pyruvate 
into malate and phosphoenolpyruvate have suggested that PEPCK is the 
enzyme whose activity is modified by glucagon. Unfortunately, there is 
no evidence that cyclic AMP has any effect upon the activity or the properties 
of the enzyme in vitro. 
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(c) Effect of insulin on gluconeogenesis 


Addition of insulin to the perfused liver results in inhibition of gluco- 
neogenesis (and glycogenolysis). The treatment of rats with insulin antisera 
one hour before sacrifice for liver perfusion increases gluconeogenesis and 
glycogenolysis. The administration of insulin antisera to rats increases 
the content of cyclic AMP in the perfused liver and this is counteracted by 
the addition of insulin to the perfusate. Addition of insulin to the perfusate 
in the absence of antisera treatment leads to a small decrease in the content 
of cyclic AMP. Furthermore, insulin can inhibit the stimulatory effect of 
glucagon on gluconeogenesis (and glycogenolysis) in the liver and it prevents 
the rise in cyclic AMP content that is observed in the presence of glucagon 
alone.!? Hence the physiological effects of insulin on the liver, like those 
of adrenaline and glucagon, may involve changes in the concentration of 
cyclic AMP. 


(d) Effect of glucocorticoids on gluconeogenesis 


Glucocorticoids increase the rate of gluconeogenesis by a mechanism 
which is at present unclear. In the rat, adrenalectomy markedly decreases 
the rate of '*C incorporation into glucose from !*C-lactate in perfused 
livers from fasted or diabetic animals. However, there is no effect upon the 
perfused livers taken from fed animals. Administration of cortisol to diabetic 
animals before sacrifice improves the incorporation of ‘*C into glucose in 
the perfused liver. Analysis of the intermediates of gluconeogenesis shows 
that adrenalectomy decreases the rate of pyruvate conversion to phospho- 
enolpyruvate.!? The mechanism is unknown but an interesting suggestion 
is that glucocorticoids may play a ‘permissive role’, which somehow increases 
the response of the gluconeogenic pathway to cyclic AMP. Glucagon is 
ineffective in activating gluconeogenesis in liver from fasted, adrenalectomized 
rats, but the response to glucagon is restored if dexamethasone (synthetic 
glucocorticoid) is added in vitro or in vivo. Since adrenalectomy does not 
interfere with the ability of glucagon to increase the content of cyclic AMP 
in the liver, corticosteroids may influence the reaction between cyclic AMP 
and the gluconeogenic enzyme whose activity is modified by glucagon.'? 
The precise identification of this enzyme and some knowledge of how it is 
modified by cyclic AMP will doubtless aid the understanding of the action 
of both glucagon and glucocorticoids on gluconeogenesis. 


11. Summary of the regulation of gluconeogenesis 
(a) Non-hormonal regulation 

In severe conditions of ischaemia of the liver, gluconeogenesis is prob- 
ably inhibited by changes in the levels of the adenine nucleotides (ATP is 
decreased and AMP is increased). These changes will also stimulate glycogen 
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degradation and provide energy from anaerobic glycolysis. This situation 
may arise in vivo during severe, short-term exercise when the blood supply 
is diverted from the viscera to the muscles. 

If the liver is suddenly presented with а high concentration of a short-chain 
fatty acid (for example, by ingestion of a large quantity of butter which has a 
high content of butyrate), the hepatic concentrations of citrate and acetyl- 
CoA would be expected to increase and this would stimulate gluconeogenesis 
and inhibit glycolysis. This has been observed in the perfused liver with 
unphysiologically high levels of long-chain fatty acids (Section C.6) Similarly, 
a high level of lactate in the blood (after exercise, for example) increases the 
hepatic contents ofcitrate and pyruvate (but not acetyl-CoA) and this should 
stimulate pyruvate carboxylase and the hydrolysis of fructose diphosphate 
(Section C.9). 


(b) Hormonal regulation 


The effects of hormones on gluconeogenesis are summarized with reference 
to two physiological conditions: starvation and exercise. 


(i) Starvation. The availability of the gluconeogenic precursors, glycerol and 
amino acids, is increased as a result of the effects of the lipolytic hormones 
and glucocorticoids. The lipolytic hormones increase glycerol release from 
adipose tissue. Glucocorticoids increase the catabolism of body proteins 
in general. The decrease in insulin level will have similar effects upon both 
of these processes. In starvation, the plasma level of glucagon is elevated 
(see Chapter 5, Section B.4(b)(iii). These changes in insulin and glucagon 
may account for the 60% rise in cyclic AMP content in livers of starved 
animals. This elevation in cyclic AMP is probably important in the stimula- 
tion of gluconeogenesis at the level of pyruvate conversion to phospho- 
enolpyruvate (Section C.10) Finally, there is some evidence to indicate 
that the concentrations of the gluconeogenic enzymes are elevated during 
prolonged starvation and that this might be mediated by the action of 
glucocorticoids.5? 


(ii) Exercise. The hormonal changes which are known to occur during 
exercise are as follows: the plasma level of insulin is decreased?^ whereas 
that of adrenaline (also noradrenaline) is increased.55 These changes would 
be expected to increase the hepatic content of cyclic AMP and consequently 
stimulate gluconeogenesis. Also, the increase in growth hormone?* (and 
glucocorticoids) level is probably responsible for increased lipolysis in 
adipose tissue (Chapter 5, Section B.4(b)(i)) which increases the plasma level 
of glycerol. 

The control of gluconeogenesis in exercise may well depend upon the 
severity of the exercise. In very severe exercise the blood supply to the liver 
may be greatly reduced and the acute ischaemia would be expected to 
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inhibit gluconeogenesis. However, during less vigorous and more prolonged 
exercise, the hormonal and substrate control mechanisms are probably 
responsible for increased gluconeogenesis. 
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CHAPTER 7 


REGULATION OF FAT METABOLISM 
IN LIVER 


A. INTRODUCTION 


The liver is able to carry out most of the known reactions involved in fatty 
acid metabolism. Such reactions constitute the pathways of fatty acid 
synthesis from acetyl-CoA, esterification of fatty acids and storage of tri- 
glyceride, secretion of triglyceride into the blood in the form of VLDL, 
synthesis of phospholipids and cholesterol esters, lipolysis of triglyceride, 
oxidation of fatty acids and the formation of ketone bodies. Liver also 
Possesses the capacity to increase the chain length and/or to desaturate 
certain fatty acids. Detailed analysis of all these pathways will not be attemp- 
ted here. This discussion will focus upon esterification of fatty acids and 
their oxidation to form ketone bodies. In particular, the physiological signifi- 
cance of ketone bodies and the mechanism for the regulation of ketosis will 
be discussed in detail. 

The role of adipose tissue in the control of the plasma fatty acid level 
and the relationship between muscle and adipose tissue in the control of 
the plasma glucose level have been emphasized (Chapters 3 and 5). On the 
basis of the metabolic relationship between muscle and adipose tissue the 
Concept of the glucose/fatty acid cycle was developed. However, it is becoming 
increasingly apparent that the liver plays a fundamental role in the control 
Of the oxidation of fat by peripheral tissues and therefore it is necessary to 
extend the glucose/fatty acid cycle to include the metabolism of the liver. 

In general, liver and adipose tissue are the two tissues primarily responsible 
for the storage of triglyceride and there is usually a reciprocal relationship 
between the amount of triglyceride stored in these two tissues in any given 
Species (that is, if there is only a small amount of adipose tissue, the liver 
has a large capacity for triglyceride storage and vice versa)" Mammals 
Usually have large amounts of adipose tissue and therefore the mammalian 
liver contains only a small amount of triglyceride. If the triglyceride in the 
Mammalian liver is to be made available for other tissues, it is released into 
the blood either as triglyceride (VLDL) or as ketone bodies. Long-chain 
fatty acids are released into the blood only by adipose tissue and the meta- 
bolic consequence of this release has already been discussed in Chapter 5. 
In animals that store most of their triglyceride in the liver (fish, for example), 


it is not known in what form the fat is released into the blood for utilization 
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by other tissues (ketone bodies, fatty acids and triglyceride are all possibilities) 
and this would appear to be an extremely important problem in comparative 
biochemistry and physiology. The contents of this chapter are related only 
to metabolism in the mammalian liver. 


B. PHYSIOLOGICAL IMPORTANCE OF FATTY 
ACID ESTERIFICATION IN LIVER 


The enzymatic reactions of the esterification process appear to be similar 
in liver to those in adipose tissue (see Chapter 5, Section A. 1(b)). Long-chain 
fatty acyl-CoA is combined with glycerol phosphate to form phosphatidic 
acid, which is hydrolized to diglyceride. The latter is combined with another 
molecule of long-chain fatty acyl-CoA to form triglyceride. (The regulation 
of this process at an enzymatic level is considered in Section C.1.) Once 
triglyceride has been produced in the liver it can either be stored within 
this tissue or secreted into the bloodstream as VLDL. There appears to be 
a delay in the secretion of the newly-synthesized triglyceride into the blood 
(30-40 minutes in rat and 1-3 hours in man), despite the fact that esterification 
can occur very rapidly. This delay in secretion presumably represents the 
time necessary for formation of the lipoprotein. 


1. Esterification and the uptake of plasma fatty acid by the liver 


In the fasting state the plasma fatty acids are derived exclusively from the 
hydrolysis of triglyceride within the adipose tissue and the rate of mobilization 
of fatty acids from this tissue controls their concentration in the blood (see 
Chapter 5). It has been established that up to 50% of these fatty acids can be 
taken up by the liver and, therefore, this tissue could influence considerably 
the concentration of fatty acids in peripheral blood.? The rate of oxidation 
of fatty acids by peripheral tissues is controlled by their concentration in 
the blood and consequently the liver, with its capacity to take up and esterily 
fatty acids, could modify the rate of their peripheral oxidation. However, 
the liver can only store a limited amount of triglyceride and any excess is 
secreted into the blood as VLDL. The secretion of VLDL must be regulated 
in relation to the rate of its removal from the blood and therefore the liver 
cannot continue to secrete VLDL into the plasma at a rate greatly in excess 
of the rate of removal by extrahepatic tissues. Consequently the ability of 
the liver to influence the plasma fatty acid level will depend upon the rate 
of mobilization of the fatty acids from adipose tissue and the rate of utilization 
of plasma VLDL. If the rate of mobilization is high, the liver may be able 
to influence the plasma fatty acid level for only short periods of time 
Nevertheless, the liver has the capacity to override the control of the plasma 
fatty acid concentration exerted by the lipolytic hormones at the level of 
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the adipose tissue cell and this may be of considerable physiological 
importance (see later). 


2. The importance of plasma triglyceride derived from liver 


Triglyceride, long-chain fatty acids and ketone bodies provide three 
separate ‘fat fuels’ in the blood for use by the various tissues. The problem 
of why Nature has provided three fuels when only one might be sufficient 
is discussed later in this chapter. The importance of long-chain fatty acids 
and ketone bodies is discussed in Section E.4 and triglyceride is discussed 
below. 

Triglyceride is present in the blood under almost all physiological condi- 
tions but it can be utilized only by tissues that possess an active lipoprotein 
lipase. In a normal well-fed animal, dietary fat is absorbed as triglyceride 
(chylomicrons and VLDL) which is taken up and assimilated into the adipose 
tissue stores by virtue of the active lipoprotein lipase in the capillaries of this 
tissue. Indeed, in the fed state, the activity of this enzyme ensures that tri- 
glyceride utilization is directed towards adipose tissue. In the pregnant rat 
the plasma triglyceride levels are elevated about sixfold, approximately 
5 days before parturition. This increase is due to a lowering of the activity 
of lipoprotein lipase in the adipose tissue. The triglyceride level returns to 
normal by parturition; but this is due to an increase in the activity of lipo- 
protein lipase in the mammary gland. Thus, in this condition, the uptake of 
the triglyceride fatty acids has been directed towards mammary glands and 
away from adipose tissue by changes in the activity of lipoprotein lipase. 
Since the change in plasma triglyceride levels in pregnancy occurs on à low- 
fat diet as well as on a normal diet, the plasma triglyceride must originate in 
the liver. Thus, in pregnant rats some of the triglyceride content of the milk 
is derived from triglyceride originally synthesized in the liver and made 
available specifically to the mammary gland in the form of plasma VLDL. 

The rate of release of triglyceride from the liver has been measured in the 
rat and is approximately 100 mg per hour per kg body weight in the starved 
animal. If this is completely oxidized it could account for 10-20% of the 
caloric requirement of the rat. In starvation this triglyceride will probably 
be oxidized by muscle, since the activity of lipoprotein lipase in adipose 
tissue is markedly reduced in this condition. Little work has been done on 
the lipoprotein lipase activity of skeletal muscle and therefore the quantitative 
importance of this substrate in relation to glucose or plasma fatty acids is 
not known. However, it is unlikely that plasma triglyceride fatty acids play 
a major role in the provision of energy and the 10-20% of the caloric require- 
Ment may represent a maximum value. : 

The output of triglyceride from the liver is higher by about 50% in rats 
fed a high-carbohydrate diet. Such diets lead to synthesis of fatty acids from 
glucose within the liver, which is the primary source of plasma triglyceride 
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on fat-free diets. In man, a high-carbohydrate diet can lead to a marked 
elevation in the plasma triglyceride level and it has been suggested that 
lipogenesis in the liver is the primary factor contributing to this hypertri- 
glyceridaemia.” The possible biochemical links between atherosclerosis and 
hypertriglyceridaemia have already been mentioned and the possible effects 
of fructose (and sucrose) feeding on hepatic lipogenesis and plasma tri- 
glyceride levels have been described (Chapter 6, Section A.1(b)). 


C. REGULATION OF FATTY ACID ESTERIFICATION 
AND OXIDATION IN LIVER 


The liver has the capacity to remove a large proportion of plasma fatty 
acids from the circulation and these fatty acids can be either esterified to 
form triglyceride or oxidized to form ketone bodies (Figure 7.1). Somewhat 


Triglyceride 
Fatty acid— Fatty acyl-CoA 


Acetyl-CoA —- Ketone bodies 
Figure 7.1 


surprisingly, the problem of whether the liver cell can regulate the fate of the 
fatty acids has been neglected until recently. In view of the metabolic impor- 
tance of ketone bodies (see below) and the possible pathological importance 
of hypertriglyceridaemia, it is the authors’ view that this problem is of 
considerable importance. 

It has been generally accepted that at low plasma levels of fatty acids the 
rate of uptake by the liver is low and the pathway of esterification competes 
effectively with that of oxidation. At high plasma levels of fatty acids the 
rate of uptake by the liver is high and the esterification pathway becomes 
saturated, so that oxidation increases and ketosis results. A recent investiga- 
tion provides some quantitative data which support this general idea? 
Fatty acids labelled with '*C were infused into the media of perfused livers 
and it was found that in livers from fed animals, at a low perfusate fatty acid 
concentration (0-3 mM), almost all the fatty acid taken up by the liver was 
esterified: as the concentration of fatty acid was increased, ketone body 
formation occurred. This suggests that at high concentrations of external 


fatty acids their uptake rate exceeds the esterification capacity and that the _ 
surplus fatty acids are oxidized. In the same study it was shown that the liver _ 


can exert some specific control over the fate of the fatty acids. The propor- 
tion of fatty acids esterified was greater and the proportion oxidized was less 


| 


+ 
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in livers from fed rats than in livers from starved rats (Table 7.1) This 
suggests that starvation can increase the rate of oxidation in comparison 
to that of esterification. 


Table 7.1. Fate of fatty acid in the perfused rat liver 


Percentage of !^C-fatty acid utilized in: 
Condition of Concentration of. r 


animal fatty acid (mM) — Esterification co, Ketone bodies 
Fed 03 760 06 02 
09 794 52 09 
19 511 86 58 
Starved 24 hours 04 243 270 54 
09 272 113 380 
1-75 310 72 235 


The fatty acid (1-!*C-oleate) concentration was maintained constant in the perfusate by 
infusion. The measurements were performed over a period 90-120 minutes from the start of 
infusion when the pathways of fatty acid utilization were in a steady state. 


1. Regulation of esterification 


The pathway of esterification of fatty acyl-CoA (see Figure 7.2) has not 
been investigated in any systematic manner in order to determine whether 
any of the reactions are non-equilibrium. It has generally been assumed that 
the glycerol phosphate concentration may regulate the rate of this process 
via substrate availability (cf. adipose tissue). In accordance with this view, 
there is some evidence that the content of glycerol phosphate in liver is 
decreased in starvation, although there is considerable variation in the 
reported values. In liver, the glycerol phosphate concentration depends 
upon the concentration of triose phosphate, the cytoplasmic [NAD*]/ 
[NADH] ratio and also the rate of phosphorylation of glycerol by glycerol 
kinase. However, in starvation or carbohydrate deprivation, it is important 
that the plasma glycerol, which is taken up and phosphorylated by the liver, 
is converted quantitatively to glucose (see Chapter 6, Section СТ). Hence, 
glycerol phosphate is a precursor for at least two biosynthetic pathways 
(esterification and gluconeogenesis) and therefore both pathways would be 
expected to be regulated independently of the concentration of this common 
Precursor (that is, specific regulation of one of the esterification enzymes). 

It has been suggested that a substrate cycle between triglyceride and fatty 
acids (catalysed by simultaneous activities of triglyceride lipase and the 
esterification enzymes) may operate in liver.5 If this were so, the rate of 
lipolysis could control the apparent rate of esterification. However, studies 
with '*C-fatty acids in the perfused liver? suggest that the process of esterifi- 
Cation has a greater capacity than that of lipolysis, so that changes in the 
latter process would have little effect on the rate of esterification. 
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Figure 7.2. Pathway of esterification 
of fatty acids 


2. Regulation of fatty acid oxidation 


The reactions involved in fatty acid oxidation are shown in Figure 733. 
Fatty acids are activated to fatty acyl-CoA by acyl-CoA synthetase. Since 
the mitochondrial membrane (probably the inner membrane) is impermeable 
to acyl-CoA derivatives, fatty acyl-CoA has to be converted (by carnitine 
acyltransferase) to fatty acyl-carnitine which can freely cross the inner 
mitochondrial membrane. On the inner side of the mitochondrial membrane, 
fatty acyl-carnitine is reconverted to fatty acyl-CoA which is oxidized by 
the enzymes of the B-oxidation process. Any one of the enzyme-catalysed 
reactions shown in Figure 7.3 could be regulatory for fatty acid oxidation. 
However, there has been no systematic study to determine whether any of 
these reactions is non-equilibrium. Nonetheless, several studies have been 
carried out, each of which indicates a different site for regulation. These are 
as follows: 
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2. 
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CYTOPLASM Fatty acyl-carnitine 
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2. 


carnitine 
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\ 
NS —oxidotion 


N 


Acetyl-CoA 
Figure 7.3. The early reactions involved in fatty acid 
oxidation in liver. (1) Fatty acyl-CoA synthetase. (2) 
Carnitine acyltransferase 


(a) In 1964, Bode and Klingenberg’ showed that isolated mitochondria 
oxidized palmitoyl-carnitine faster than palmitate, in the presence of ATP 
and CoA. Therefore they concluded that formation of acyl-CoA may limit 
fatty acid oxidation in the liver. A major objection to this theory is that the 
site of regulation arises before the metabolic branch point between esterifica- 
tion and oxidation. Consequently this would not provide independent 
control of either process. 

(b) In 1965, Bunyan and Greenbaum? assayed the enzymes of the $- 
Oxidation pathway and showed that the activity of the first enzyme (acyl- 
CoA dehydrogenase) was at least 10-fold less than those of the subsequent 
enzymes in the pathway. They concluded that this reaction was rate-limiting 
for fatty acid oxidation. 

(c) In 1966, Garland and colleagues? measured the activities ofacyl-CoA 
Synthetase and palmitoyl-carnitine transferase in mitochondria isolated from 
Tat liver. The activity of the palmitoyl-carnitine transferase was about half 
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that of the synthetase. Furthermore, in isolated mitochondria the rate of 
oxygen uptake with palmitoyl-carnitine was twice that with palmitoyl- 
CoA plus carnitine (or palmitate, plus ATP, CoA and carnitine). In these 
experiments oxygen uptake was a direct measure of fatty acid oxidation 
and the final product was acetoacetate. It was concluded that the rate- 
limiting step in fatty acid oxidation by the mitochondria was the activity 
of carnitine acyltransferase. This conclusion was supported by the inability 
to detect any intermediates of the fatty acid oxidation system: the f-oxidation 
process would appear to possess a much greater catalytic capacity than that 
of the intramitochondrial carnitine acyltransferase. Since this study measured 
the oxidation of fatty acid derivatives by isolated mitochondria, it seems 
likely that the intramitochondrial carnitine acyltransferase limited fatty acid 
oxidation. (This enzyme is present in both the cytoplasm and the mito- 
chondria in order to facilitate the mitochondrial transport of fatty acyl-CoA.) 
If mitochondrial carnitine acyltransferase is rate-limiting for fatty acid 
oxidation, it will catalyse a non-equilibrium reaction, whereas the reaction 
in the cytoplasm may be close to equilibrium. In this case any measurement 
of the total contents of reactants and products would be of little value in 
determining a meaningful mass-action ratio. 

Despite the fact that the activity of the intramitochondrial carnitine 
acyltransferase may regulate fatty acid oxidation, there is no information 
available concerning the mechanism of regulation of this enzyme. Un- 
doubtedly the rate of oxidation can be regulated by substrate availability— 
that is, the concentration of intracellular fatty acids, which is assumed to 
vary in the same direction as the concentration of plasma fatty acids. If the 
plasma concentration of fatty acid is lowered, the rate of oxidation is reduced, 
and vice versa (see Chapter 5 and reference 3). 


D. INTRODUCTION TO KETONE BODIES 


Ketone bodies consist of acetoacetate (CH,COCH;COOH), D-3- 
hydroxybutyrate (СН;СНОН:СН,СООН) and acetone (CH ,COCH;) The 
latter is of no physiological importance since it is usually present only in 
very small quantities and probably arises from spontaneous decarboxyla- 
tion of acetoacetate. Ketone bodies were originally discovered in the urine 
of diabetic patients,!?!! and this early association with a pathological 
condition led to the belief that they were merely useless products of metabol- 
ism that only accumulated in the blood under abnormal conditions. However, 
in the 1930s it was established that ketone bodies could be oxidized by 
certain extrahepatic tissues and it was suggested that they might be the 
form in which these tissues utilized fat (see Chapter 5, Section A.2(b)). Follow- 
ing the demonstration that the plasma concentration of long-chain fatty 
acids increases in conditions such as starvation and that the half-life is 
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extremely short (2-3 minutes), it was suggested that fatty acids could provide 
most of the fuel that was used for oxidation during starvation in man 
(Chapter 5). Furthermore, it was shown that adipose tissue released its 
stored triglyceride in the form of long-chain fatty acids which most tissues 
could oxidize. Therefore the position of ketone bodies in fat oxidation was 
overshadowed by the interest and research into the control of fatty acid 
mobilization and the physiological importance of the plasma fatty acid 
level. Indeed, in a review article published in 1968 Greville and Tubbs’? 
commented, ‘Clearly, it is not obvious in what ways ketogenesis in fasting 
is a good thing for the whole animal; should the liver be regarded as pro- 
viding manna for the extrahepatic tissues or does it simply leave them to 
eat up its garbage?” However, in the last few years evidence has gradually 
accumulated to suggest that ketone bodies play an extremely important role 
in caloric homeostasis; they provide an important respiratory fuel for muscle 
and for brain and they function as part of a feedback regulatory loop which 
prevents excessive mobilization of fatty acids from adipose tissue. 

It is possible to subdivide the conditions of ketosis (high ketone-body levels 
in the blood) into physiological ketosis, when the plasma concentration is 
about 2 mM, and pathological ketosis when the plasma concentration is as 
high as 20-30 mM.? Pathological ketosis is found in experimentally-induced 
diabetes (for example, in acute alloxan-diabetic animals), in some lactating 
cows (bovine ketosis) and in the clinical condition of severe diabetes mellitus. 
E discussion is restricted primarily to a consideration of physiological 

etosis. 


1. Biosynthesis of ketone bodies 


Ketone bodies are formed by a specific biosynthetic pathway in the liver. 
Originally they were thought to be intermediates of fatty acid oxidation, 
but this was shown to be incorrect when it was discovered that the normal 
intermediates of fatty acid oxidation are CoA derivatives. Furthermore, the 
3-hydroxybutyryl-CoA formed in the liver during the oxidation of fatty 
acids has the L configuration, whereas the 3-hydroxybutyrate found in blood 
has the р configuration.!* à 

Ketone bodies are synthesized in the liver from acetyl-CoA via the hydroxy- 
methylglutaryl-CoA (HMG-CoA) pathway, which is sometimes known as 
the Lynen cycle. This pathway is described in Figure 7.4. The first step 
IS the formation of acetoacetyl-CoA from two molecules of acetyl-CoA 
catalysed by the enzyme acetoacetyl-CoA thiolase. The concentration of 
acetoacetyl-CoA is maintained at a very low level and it is probably bound 
to the enzyme HMG-CoA synthase. *? This has the advantage of overcoming 
the unfavourable equilibrium of the acetoacetyl-CoA thiolase reaction. 
HMG-CoA synthase catalyses the conversion of acetoacetyl-CoA to 
HMG-CoA and this reaction is chemically analogous to the formation of 
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Figure 7.4. Pathway for the synthesis 
of ketone bodies in the liver (HMG- 
CoA cycle) 


citrate by the condensation of oxaloacetate and acetyl-CoA. The HMG-CoA 
is a precursor of two pathways: first, it can be reduced by HMG-CoA 
reductase and NADPH to form mevalonic acid, which is an intermediate 
in the pathway for steroid biosynthesis; second, it can be cleaved by the 
enzyme HMG-CoA lyase to form acetoacetate and acetyl-CoA. Thus, 
the net reaction of the HMG-CoA pathway for ketone body formation is as 
follows : 
2 acetyl-CoA — acetoacetate + 2CoA 
A simpler mechanism for the formation of acetoacetate is that involving 
direct deacylation of acetoacetyl-CoA which was proposed by Stern and 
Miller in 195916 
acetoacetyl-CoA — acetoacetate -- CoA 
It is now generally accepted that this is not involved to any large extent 1n 


the formation of ketone bodies. The activity of the deacylase in liver is less 
than 20% of the maximum rate of hepatic ketogenesis. Furthermore, the 
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concentration of acetoacetyl-CoA in liver is very low, whereas the K,, of 


the deacylase for acetoacetyl-CoA is high. 
Hydroxybutyrate is formed from acetoacetate by reduction involving the 


enzyme D-3-hydroxybutyrate dehydrogenase 
acetoacetate + NADH = D-3-hydroxybutyrate + МАР“ 


This enzyme, which is located on the inner membrane of rat-liver mito- 
chondria, is very active and thus catalyses a reaction close to equilibrium. 
This property has been utilized in the investigation of the mechanism of 
ketosis (see Appendix 7.1). 


2. Enzymatic pathway of ketone body utilization 

Many tissues can oxidize ketone bodies, but liver is a notable exception. 
The utilization of acetoacetate by extrahepatic tissues involves the enzymes 
3-oxoacid-CoA transferase and acetoacyl-CoA thiolase. 


g 3-oxoacid transferase. 5 
acetoacetate + succinyl-CoA FZ acetoacetyl-CoA + succinate 


acetoacetyl-CoA thiolase 
acetoacetyl-CoA + aS 2acetyl-CoA 


The equilibrium of the transferase reaction is towards the left (in favour of 
acetoacetate) but the equilibrium of the thiolase is towards the right (in 
favour of the formation of acetyl-CoA). Thus the linking of these two 
reactions overcomes the unfavourable equilibrium position of the former 
reaction. 3-hydroxybutyrate is metabolized by conversion to acetoacetate 
catalysed by the enzyme 3-hydroxybutyrate dehydrogenase. The activities 
of these enzymes in several tissues are presented in Table 7.2. 


Table 7.2A. Relative activities in rat tissues of enzymes involved in ketone body 
utilization 


Relative activities based on kidney — 100 
3-hydroxybutyrate 3-oxoacid-CoA Acetoacetyl-CoA 


Tissue dehydrogenase transferase thiolase 
Kidney 100 100 100 
Heart 65 100 62 
Adrenal glands 64 22 216 
Brain 36 9 14 
Lung jx 6 4 
Spleen 2 5 10 
Muscle (hind limb) 14 3 7 
Liver 780 <05 140 


The specific activities in the rat kidney are 1-5, 19-8 and 170 umol/min/g fresh weight at 
25°C for hydroxybutyrate dehydrogenase, 3-oxoacid-CoA transferase and acetoacetyi-CoA 
thiolase, respectively.?* 


REGULATION IN METABOLISM 


304 


ғо co £1 LC TEI YSE doous 
ST £0 ТЕ OT 16 TS 31а рәшпгу 
[2 rc 68 87 tbl $52 wy 
Ро L0 99 I6 £91 L91 1ojsureq uap[or) 
vI ST 061 Ott 60c SL (snoiq&] ѕәио14ә W) [1919 
от £t $17 8:62 LOC 6:0€ 9snoj 
ese[org yog aseı2jsuen әвеощ yog 9se1ojsue1 əsejory} YOR ssEloJsue1 52122045 


[412001390 —  yoQ-proeoxo-g -әовоооүу үод-ріовохо -Иәоғојәоу V0O-provoxo-c 
— ———————á ر ا س س‎ 


че игән Koupry 
(Oo Sz 18 34319m qso1j 3/uruj/[ourr) SanAnoe ouiízuq 
ج ج‎ E BI ШТ а ЫЫ ш 


єг5®10әй$ uer[eurureur }пәлзәрр ш uonezi[n Apoq 9u0jey ur paA[oAur sourízuo ЈО ѕәпілпоу '@@`/ QEL 


FAT METABOLISM IN LIVER 305 


There is some evidence to suggest that these enzymes catalyse reactions 
that are close to equilibrium. Although mass-action ratio data are not avail- 
able, the maximum enzyme activities exceed the known rates of utilization 
of ketone bodies by heart and kidney, Furthermore, certain tissues (such as 
heart and kidney) are capable of forming ketone bodies if they are supplied 
with a high concentration of a precursor of acetyl-CoA (such as butyrate), 
despite the absence of the enzymes of the HMG-CoA cycle. The simplest 
hypothesis, which will explain this extrahepatic ketogenesis, is that the raised 
intracellular concentration of acetyl-CoA gives rise to acetoacetate via the 
Teactions catalysed by acetoacetyl-CoA thiolase and 3-oxoacid-CoA trans- 
ferase.'7 


E. PHYSIOLOGICAL IMPORTANCE OF KETONE BODIES 


The concept of the glucose/fatty acid cycle emphasizes the importance 
of the plasma fatty acids in providing an alternative substrate to glucose for 
the provision of energy in tissues such as muscle. Since muscle can oxidize 
fatty acids, the obvious question is, why should fatty acids be converted 
to ketone bodies and provide yet another oxidative substrate? The answer 
to this problem lies in the toxicity of high concentrations of fatty acids in 
P blood and in the fact that they cannot be utilized to any large extent by 

rain. 


l. Ketone bodies and long-chain fatty acids: complementary alternative 
substrates to glucose in muscle 


The plasma concentrations of glucose, long-chain fatty acids and ketone 
bodies in rats and in human subjects during starvation are presented in 
Table 73. Starvation causes a 20-30% decrease in the plasma level of 
glucose, and increases in levels of fatty acids and ketone bodies of about 
5-fold and 20-fold respectively. Since long-chain fatty acids are only slightly 
Soluble in an aqueous medium, they are transported in the blood complexed 
With the plasma protein, albumin. At physiological pH and at physiological 
levels of fatty acid (1-2 mM) more than 99:9% of the fatty acid is probably 
complexed with albumin.!® Under normal conditions, albumin is retained 
Within the capillaries and thus it is found only in very low concentrations in 
the interstitial fluids (Figure 7.5), The concentration of long-chain fatty acid 
that will be present in the interstitial fluid will be less than 0-1% of the total 
Concentration in the plasma—that is, about 0-001 mM. In resting muscle, 
When the vascular supply is reduced (vasoconstriction), the diffusion distance 
between the capillary and the muscle fibre may be considerable and, since 
the concentration of fatty acids is very low, the time taken for diffusion 
across the interstitial space may limit their utilization. On the other hand, 
ketone bodies are soluble in an aqueous medium and are free in the plasma 
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(Albumin—Fatty acid) = Albumin + Fatty acid 


ULL LILLE 


INTERSTITIAL FLUID 


Fatty acid 


MUSCLE CELL 


Fatty acid 
Figure 7.5 


so that their concentration in the interstitial fluid will be about the same as 
in the plasma (2-3 mM during starvation). The concentration of glucose in 
the interstitial fluid will be about 4-5 mM. Consequently, ketone bodies will 
provide a fuel that will compete more effectively with glucose than will long- 
chain fatty acids. Indeed, in the case of heart muscle it has been observed 
that ketone bodies are oxidized in preference to fatty acids.!??? However, 
the diffusion distance for fatty acids is considerably reduced during mechan- 
ical activity when vasodilation occurs. Therefore the rate of fatty acid 
utilization will increase during exercise and the ability of this substrate to 
compete with glucose will be improved. 


2. The utilization of ketone bodies by the brain 


The work of Cahill, Owen and colleagues has established that in prolonged 
starvation in humans, ketone bodies can largely replace glucose as the 
important fuel of respiration for the brain (see also Chapter 6). Two lines 
of evidence support this conclusion. The most direct studies were performed 
on obese patients undergoing a 5-6 week period of therapeutic starvation. 
The cerebral vessels of three such patients were catheterized and measure- 
ments were taken of arteriovenous differences in glucose, ketone bodies, 
fatty acids, lactate, pyruvate, oxygen and carbon dioxide. The rate of glucose 
oxidation by the brain could be calculated from these studies as about 24g 
Per day (cf. 120 g in the fed state) and that of ketone bodies as 37 g per day. 
This compares with an overnight fast, after which glucose oxidation ac- 
counts for more than 90% of the energy requirement of the brain (Table 
7.4). An indirect estimate of glucose utilization by the brain during starvation 
can be obtained from the uptake of precursors of glucose by the liver and 
kidney (see Chapter 6, Section A.2(b)(i)). This estimate suggests that a 
maximum of about 33 g of glucose is available per day for the brain during 
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Table 7.4. The approximate fuel reserves of the body and the daily fuel consumption 
by different tissues during fasting for 12 hours, 8 days and 40 days in normal man under 
basal conditions? 


Overnight fast 8-day fast 40-day fast 
Body stores at end of period of fasting (kcal) 
Fat 100,000 88,000 42,000 
Carbohydrate 680 380 380 
Protein 25,000 23,000 18,500 
Total 125,680 111,380 60,380 
Daily loss (last day of fasting period ) (kcal) 
Fat 1,200 1,400 1,350 
Carbohydrate 200 0 0 
Protein 300 200 75 
Total 1,700 1,600 1,425 
Fuel consumption (kcal) 
Brain: Glucose 400 100-150 50-75 
Ketone 50 300-350 375-400 
Carcass 1,250 1,150 975 
Total 1,700 1,600 1,425 


. 


this prolonged fast, а figure which agrees reasonably well with the utilization 
rate of 24 g per day calculated from the arteriovenous difference. It can becon- 
cluded from this work that glucose utilization by the brain is reduced during 
prolonged starvation to approximately 25% of the requirement in the post- 
absorptive state (Table 7.4) and that ketone bodies are the major fuel for 
brain under these conditions. 

Research into the utilization of ketone bodies by rat brain supports the 
conclusions reached from the studies with humans. The utilization of glucose 
and ketone bodies by rat brain has been measured in situ by catheterization 
techniques and it has been shown that in starvation (or following infusion 
of vien bodies into a fed rat) the rate of ketone body utilization by the 
brain could account for about 20% of the oxygen uptake. In the fed rat the 
infusion of ketone bodies to a level of about 2 mM is sufficient to increase 
their utilization to a rate similar to that observed after 48 hours of starvation. 2 
Complementary investigations into the activities of the enzymes that utilize 
ketone bodies (3-hydroxybutyrate dehydrogenase, 3-oxoacid-CoA trans- 
ferase and acetoacetyl-CoA thiolase) have been carried out in brain. In both 
rat and human brain these enzymes are present at sufficiently high activities 
began for the observed rates of ketone body utilization in vivo^? (Table 

The work on rats has so far indicated that ketone body utilization сап 
account for about 20% of the fuel requirement by the brain after 48 hours, 
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Table 7.5A. Activities of enzymes involved in ketone body utilization in brain from 
rats and humans?? 


Activities 
(umol/min/g fresh weight at 25 *C) 
Human brain Rat brain 
Enzyme (cortex) (whole) 
3-hydroxybutyrate dehydrogenase 0-31 0-57 
3-oxoacid-CoA transferase 1.63 2-53 
Acetoacetyl-CoA thiolase 1-88 240 
Approximate rate of ketone body 
utilization by brain in situ (umol/min/g) 020 020 


ee 
The rate of ketone body utilization by rat and human brain in situ is calculated from the 
arteriovenous difference and the rate of blood flow through the brain." 


Table 7.5B. Total activities of enzymes of the ketone body utilization pathway in 
brain, heart and kidney of suckling and adult rats 


Tissue activities (umol/min) 


Suckling rats Adult rats 
Enzyme Brain Heart Kidney ‘Brain Heart Kidney 
3-hydroxybutyrate 
dehydrogenase 20 003 04 082 063 24 
3-oxoacid-CoA transferase 72 09 30 37 11:5 32 
Acetoacetyl-CoA thiolase 54 05 3-6 37 34 27 


The total activity was calculated by multiplying the mean activity per gram fresh weight 
by the average weight of organ. Suckling rats were 20-24-day-old animals. Adults weighed 


150-200 g.?4 


Table 7.5C. Activities of 3-hydroxybutyrate dehydrogenase and 3-oxoacid-CoA trans- 
ferase in brain during postnatal development of the rat 


Enzyme activities (umol/min/g fresh weight) 


3-hydroxybutyrate 
Time after birth (days)  3-oxoacid-CoA transferase dehydrogenase 

4 15 04 

8 25 06 

12 35 10 

16 42 14 

20 60 L8 
24 58 19 
28 62 17 

36 38 14 
Adult 25 05 


The activity of acetoacetyl-CoA thiolase remained fairly constant through this period at 
4 umol/min/g: the activity in the adult is about 2-3 umol/min/g. 
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or even after 96 hours, of starvation. During prolonged starvation in obese 
humans, ketone body utilization can account for 757; of this fuel require- 
ment. The reason for this species variation has not been explained. In rats the 
activities of the ketone-body-utilizing enzymes are not increased during 
starvation. Therefore the increased utilization is probably due to the eleva- 
tion of the plasma levels of ketone bodies. Such experiments cannot be per- 
formed on human brain, so that it is not known if the increase in ketone 
body level is responsible for the increased utilization. 

Another possible role for ketone bodies in the brain is the provision of 
precursor for fatty acid synthesis in the neonatal animal. Thus in the brain 
of the very young rat, the activities of the ketone-body-utilizing enzymes are 
higher than in the brain of an adult (Table 7.5). Indeed, from a comparison of 
the enzyme activities in various tissues in the neonatal rat, it can be suggested 
that the brain is the major organ for ketone body utilization at this stage of 
development.?* Results of measurements of arteriovenous differences in the 
brain of the neonatal rat indicate that ketone body uptake is 3-4-fold 
greater than in the adult rat at the same plasma ketone body concentration.” 
This uptake occurs despite the fact that the plasma glucose and fatty acid 
levels are elevated. Thus it is unlikely that ketone bodies are being used only 
for energy production. Hence it is suggested that they may provide the 
precursor for the lipid synthesis, which is necessary at this stage of develop- 
ment for the myelination process. Perhaps long-chain fatty acids cannot be 
used because of a permeability barrier in the brain. 

An important biochemical question still remains. How does the oxidation 
of ketone bodies by the brain cause inhibition of glucose utilization? The 
mechanism may be similar to that in muscle (Chapter 3, Section D.5) in that 
ketone body oxidation could elevate the levels of acetyl-CoA and citrate 
and cause inhibition of pyruvate dehydrogenase and phosphofructokinase. 
However, regulation of glycolysis by changes in the content of citrate may 
not be as straightforward in brain as it is in muscle. Thus, citrate plays an 
important role in the transfer of acetyl units across the mitochondrial 
membrane for the generation of acetyl-choline.?? The only attempt to study 
this problem, so far, has been made with cerebral cortex slices of the guinea- 
pig. In these experiments ketone bodies depressed glucose oxidation (about 
20%) but did not inhibit glucose utilization (that is, glucose was converted 
to lactate instead of being oxidized). The depression of glucose utilization 
by ketone bodies, as well as the inability of brain to function totally on ketone 
bodies, remain problems of some biochemical and physiological importance. 


3. Antilipolytic action of ketone bodies 


Ketone bodies inhibit glucose utilization by isolated muscle and other 
tissue preparations. In vivo, high plasma levels of ketone bodies are always 
associated with conditions in which peripheral utilization of glucose is 
depressed. The glucose/fatty acid cycle (Chapter 5, Section C.1) which was 
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originally based on such observations, predicts that the administration of 
ketone bodies to an animal should cause hyperglycaemia and a reduction 
in the rate of utilization of glucose. Somewhat surprisingly, experimental 
elevation of the ketone body level in a number of species results in hypo- 
glycaemia. Madison and his colleagues?’ were first to demonstrate that in 
dogs the plasma concentrations of glucose and long-chain fatty acids were 
decreased by the infusion of ketone bodies. Moreover, the concentration of 
insulin in the pancreatic vein was increased. These observations suggested 
that high plasma levels of ketone bodies stimulate insulin release from the 
pancreas and that the resultant elevation in insulin level decreases lipolysis 
in adipose tissue. In some species (notably man) no appreciable changes in 
insulin levels are observed after administration of ketone bodies but never- 
theless the plasma levels of fatty acids and glucose are depressed. These 
results may be explained by an inhibition of lipolysis in adipose tissue 
caused by ketone bodies. High concentrations of ketone bodies certainly 
decreased adrenaline-stimulated lipolysis in vitro in rat epididymal fat pads 
whereas malate, for example, has no effect.?? However, the mechanism by 
which ketone bodies modify lipolysis is as yet unknown. 

Experiments have been performed with rats in order to discover the means 
by which ketone bodies can influence fatty acid mobilization in this species. 
Sodium acetoacetate was infused into the inferior vena cava in fed, starved 
and streptozotocin-diabetic rats. (Rats are made diabetic by injection of 
streptozotocin which is thought to damage the f-cells of the pancreas more 
specifically than alloxan.) The results of this investigation?? are shown in 
Table 7.6. In fed rats, the administration of ketone bodies lowered the plasma 


Table 7.6. Effect of acetoacetate infusion on blood levels of glucose, long-chain fatty 
acids and insulin in the rat 


Time after 


acetoacetate Glucose Fatty acids Insulin 
Condition of rat infusion (min) (mM) (mM) (u units/ml) 
Fed 0 62 0:82 20 
10 5.5* 0-73 50* 
30 52* 0.65* 29 
Starved (48 hours 0 40 12 64 
ш. 10 42 0.8* 18-5* 
30 3-6 0-8* 18-5* 
Streptozotocin- 0 33 08 47 
diabetic rats 10 38 06* 43 
maintained on 30 3-6 0-6 33 


insulin 
The total concentration of ketone bodies in the blood during the experiment was 6-10 mM? 


* Indicates that the difference between the experimental and control (i.e. zero time) is statistic- 
ally significant. Infusion of similar concentration of NaCl has no statistically-significant effects. 
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glucose level by approximately 18 %, but there was no detectable change in the 
glucose levels in starved or diabetic rats. In all three conditions ketone bodies 
reduced the plasma level of fatty acids and, in the fed and starved animals (but 
not the diabetic), the level of insulin was raised. This work demonstrates 
that, although in all three conditions an elevation in the ketone body level 
causes a reduction in that of the fatty acids, the explanation for this effect 
may be different in the different physiological conditions. Thus, in the 
fed and starved rats the results could be explained by a stimulation of 
insulin release, whilst in the diabetic rats direct inhibition of lipolysis could 
be the answer. 

Knowledge of the antilipolytic effect of ketone bodies makes possible a 
better understanding of the interrelationships between fat and carbohydrate 
metabolism in the whole animal. The plasma ketone body level is elevated 
whenever fatty acids are mobilized from adipose tissue. However, if the 
plasma fatty acid level is elevated to an excessive degree, the resultant eleva- 
tion in ketone body level would inhibit fatty acid mobilization. This repre- 
sents a feedback regulatory mechanism that will prevent excessive increases 
in the plasma fatty acid level, which is important since high concentrations of 
fatty acids are toxic.?? This feedback mechanism incorporates at least two 
specific loops : a direct inhibition of lipolysis in adipose tissue and an indirect 
inhibition via stimulation of insulin release from the pancreas. Previously, 
the only mechanism for inhibition of fatty acid mobilization proposed for the 
cycle was via the increase in plasma glucose (and insulin) level that oc- 
curred in response to the inhibition of glycolysis by fatty acid oxidation. This 
is a very indirect mechanism of control. The plasma level of ketone bodies 
provides a more direct indicator of the fatty acid level and, since the process 
of converting fatty acids into ketone bodies in the liver results in amplification 
of changes in plasma fatty acid level (see above and Table 7.3), ketone bodies 
provide an ideal feedback regulator for lipolysis." These antilipolytic 
effects of ketone bodies, together with the effects of ketone bodies on the 
glucose utilization by the brain, extend the original control mechanisms 
described in the glucose/fatty acid cycle (see Figure 7.6) 


4. The role of the liver in fatty acid metabolism 


Liver has the capacity to take up a large proportion of the fatty acids that 
are released by the adipose tissue (see Section C.1) These fatty acids can 
either be esterified (and secreted into the blood as VLDL) or oxidized to 
form ketone bodies. The liver has control over both of these pathways. The 
ketone bodies are released into the blood and can be oxidized by muscle, 
kidney and brain in which they provide an important alternative fuel to 
glucose during starvation (see above). Fatty acids can also be oxidized by 
muscle and they act as an alternative fuel to glucose (see Chapter 5). However, 
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Figure 7.6. Extension of the glucose/fatty acid cycle. The regulatory cycle has been 
extended to include particularly the effect of ketone bodies on the brain and the direct 
and indirect antilipolytic actions of ketone bodies. Fatty acids are released from adipose 
tissue into the blood. The raised concentration of fatty acids in the blood increases the 
rate of fatty acid oxidation by muscle and liver. The increased oxidation in muscle 
reduces the rate of glucose utilization and oxidation. The oxidation of fatty acids in 
the liver leads to the production and release ofketone bodies into the blood. The increased 
concentration of ketone bodies in the blood increases the rate of their oxidation by the 
muscle and this further inhibits glucose utilization and oxidation in this tissue. The rate 
of ketone body utilization by the brain is increased and this leads to a reduction in 
glucose utilization by this tissue. The elevated concentration of ketone bodies in the 
blood stimulates the secretion of insulin by the pancreas; the increased concentration 
of insulin will inhibit lipolysis in adipose tissue. The increased concentration of ketone 
bodies in the blood inhibits lipolysis in the adipose tissue directly. These latter two 


effects on lipolysis provide a feedback mechanism so that the increase in concentration 


of fatty acids in the blood is not excessive. This figure should be compared with Figure 
5.13 
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Figure 7.7. Diagram to illustrate the role of the liver in "predigestion' of fatty 
acids to form ketone bodies. 


F. REGULATION OF KETONE BODY FORMATION IN THE 
LIVER 


The pathway for ketone body formation in liver, the HMG-CoA cycle, 
contains the enzymes acetoacetyl-CoA thiolase, HMG-CoA synthase and 
HMG-CoA lyase (see Figure 7.4) The maximum activities of these enzymes 
have been measured in liver and HMG-CoA synthase has the lowest activity, 
Therefore this enzyme may catalyse a non-equilibrium reaction and its 
activity might be modified by specific regulators. At present, little is known of 
the properties of this enzyme and consequently there are no theories of direct 
regulation of the HMG-CoA cycle apart from its regulation by substrate 
(that is, acetyl-CoA) concentration. 

The close association of the elevated plasma fatty acid levels with ketosis 
has suggested that the rate of ketone body formation in the liver is regulated 
by the plasma fatty acid level. There is no doubt that the precursor for ketone 
body formation under conditions of ketosis (as in starvation) is 
plasma fatty acid. It has been that the liver may play some 
direct role in the regulation of ketone body formation (see Section С) The 
possible enzymatic sites at which the liver may exert this control (apart from 
the HMG-CoA cycle) are fatty acid esterification, fatty acid oxidation and the 
entry of acetyl-CoA into the TCA cycle (see Figure 7.8) The possible mechan- 
isms for control of esterification and oxidation are discussed in Section C 
and the regulation of the activity of citrate synthase i$ discussed below. 
Indeed, investigations into the cause of ketosis at an enzymatic level have 
largely been devoted to the study of control of this enzyme. Thus, during 
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Figure 7.8. Possible control points (branch points) of fatty 
acid metabolism in the liver 


ketosis the entry of acetyl-CoA into the cycle is strongly inhibited and fatty 
acid oxidation is arrested at the level of acetyl-CoA. The concentration of 
acetyl-CoA is elevated and its metabolism is directed towards the HMG-CoA 
cycle and the production of ketone bodies. 

The evidence that the TCA cycle is inhibited under these conditions 
arises from two types of investigation. First, oxygen uptake by the liver 
can be accounted for primarily by two metabolic pathways, namely [- 
oxidation of fatty acids to acetyl-CoA (and hence ketone bodies) and oxida- 
tion of acetyl-CoA through the TCA cycle. The stoichiometry of the pathway 
from fatty acids to ketone bodies is well established and therefore the oxygen 
consumed in the formation of ketone bodies can be calculated : one mole of 
palmitate oxidized completely to acetoacetate requires 7 moles of oxygen, 
whereas only 5 moles are required for formation of 3-hydroxybutyrate (one 
mole of acetoacetate is equivalent to 1-75 moles of oxygen and one mole of 
hydroxybutyrate is equivalent to 1-25 moles oxygen) The rates of aceto- 
acetate and 3-hydroxybutyrate formation by the liver and the total oxygen 
uptake can be measured experimentally. Using the theoretical oxygen- 
requirement data, it is possible to calculate the oxygen that is required for the 
ketone body formation and, by difference, the ‘non-ketone oxygen’ which is 
used by the TCA cycle. Such calculations show that the *non-ketone oxygen’ 
uptake is depressed by 80% during maximal rates of ketogenesis.?? Second, 
the release of '*CO, from '*C-acetate, which provides some indication of the 
activity of the TCA cycle, is severely depressed in liver slices and in the 
perfused liver under conditions of ketosis. 


1. Evidence that citrate synthase is a regulatory enzyme for the TCA cycle in 
liver 


One problem in the application of the general approach to regulation is 
the difficulty in identifying the regulatory enzymes in the TCA cycle. By 
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analogy with muscle, possible candidates are citrate synthase and isocitrate 
dehydrogenase (see Chapter 3, Section E.1). Although mass-action ratio data 
for both these reactions could be calculated, the interpretation of such data 
is complicated by the fact that all the participants of the reactions occur in 
both the mitochondrial and cytoplasmic compartments, whereas the TCA 
cycle operates only in the mitochondria. The maximum activity of citrate 
synthase in liver is low in relation to other enzymes of the cycle, and this is 
probably the best evidence for non-equilibrium character of this reaction. 
There are two types of isocitrate dehydrogenase in liver, an NAD *-linked 
enzyme and an NADP *-linked enzyme. At one time it was considered that 
only the NAD *-linked enzyme was involved in the catabolic activity of the 
TCA cycle, but recent work in muscle has implicated both of these enzymes. 
The theories that have been proposed to explain the inhibition of the TCA 
cycle in liver during ketosis assume that citrate synthase is the enzyme that is 
inhibited. If it is assumed that this enzyme catalyses a non-equilibrium 
reaction, the increase in content of pathway substrate (acetyl-CoA), when 
flux through the cycle is depressed, indicates a regulatory enzyme according 
to the restricted definition of Chapter 1 (Section C.2). It must be emphasized 
that in this definition the substrate refers to acetyl-CoA and therefore one 
possible regulator is the alternative substrate for the enzyme, oxaloacetate. 


(a) Theory of control of citrate synthase by availability of oxaloacetate 


Acetyl-CoA ? Citrate 
citrate synthase 
+ NY 
Oxaloacetate CoA 


The important role of oxaloacetate in cellular respiration was known 
before the concept of the TCA cycle was developed. Indeed, it was suggested 
as early as 1937 that the large accumulation of ketone bodies observed in 
diabetes might be due to a deficiency of oxaloacetate." It was readily 
demonstrated that homogenates of liver or isolated liver mitochondria 
produced ketone bodies when oxaloacetate was omitted from the incubation 
medium. However, neither the ketosis of human diabetics nor that of the 
alloxan-diabetic rat could be ameliorated by administration of oxaloacetate 
or any of its precursors (such as aspartate). A resurgence of interest in the role 
of oxaloacetate in the regulation of ketone body production resulted from 
the precise measurement of the content of oxaloacetate in freeze-clamped 
livers carried out by Wieland and his coworkers.” The content of oxaloace- 
tate was found to be depressed in livers taken from alloxan-diabetic or 
starved rats, or from rats that had been fed a high-fat diet (see Table 7.7). 
Furthermore, when the mitochondrial concentration of oxaloacetate was 
calculated, it was found to be below ће Ка of citrate synthase (that is, it 
could function as a regulator of this enzyme). Although there is general 
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Table 7.7. The contents of malate and oxaloacetate in normal and ketotic liver of the 


rat and cow*?:#° 
Hepatic contents 
(umol/g fresh weight liver) 

Animal Condition Malate Oxaloacetate 
Rat Control 294 59 

Alloxan-diabetic HA 22 

Fat-fed 555 0-47 
Rat Control 1,238 15:2 

Anti-insulin sera 1,690 11-2 
Cow Non-lactating 510 2.25 

Normal lactating 530 1-95 

Ketotic 530 0-65 


agreement on the validity of these findings, Wieland and his coworkers have 
attempted to explain this decrease in oxaloacetate content according to 
changes in the redox state of the pyridine nucleotides, and this interpretation 
is disputed. 


(i) Control of oxaloacetate concentration via changes in redox state. In 
ketotic conditions, the hepatic content of oxaloacetate is decreased but the 
content of malate, which is in equilibrium with oxaloacetate via the malate 
dehydrogenase reaction, is increased (Table 7.7). There are similar changes in 
the contents of other redox couples (such as pyruvate/lactate and dihydroxy- 
acetone phosphate/glycerol phosphate) 


malate + NAD* $ oxaloacetate + NADH 
lactate + МАР“ 6 pyruvate + NADH 
glycerol phosphate + МАР“ = dihydroxyacetone phosphate + NADH 


If these enzymes have access to the same pool of pyridine nucleotides in the 
cell, a change in the NAD*/NADH concentration ratio will produce 
changes in the same direction in all three redox pairs. Increased fatty acid 
oxidation in the liver results in a more reduced state of all these redox couples 
suggesting that the [NAD * |NADH] ratio has been decreased. Wieland and 
colleagues proposed that the decreased oxaloacetate concentration in the 
livers of ketotic animals was due to this change in redox state. 

Lactate and glycerol phosphate dehydrogenases are found exclusively 
in the cytoplasmic compartment of the liver cell, whereas malate dehydro- 
genase occurs in both the cytoplasmic and the mitochondrial compartments. 
Therefore it is possible that the changes in the redox state are confiued to the 
cytoplasm. Since citrate synthase is present within the mitochondria, it is the 
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change in oxaloacetate in this compartment which is important for the 
control of the activity of this enzyme. The inner mitochondrial membrane is 
impermeable to oxaloacetate, therefore the near-equilibria catalysed by 
malate dehydrogenase on each side of the mitochondrial membrane may be 
different (see Figure 7.9). Indeed, the elegant work of Williamson, Lund and 


CYTOPLASM 


Malate + naD === Oxcioacetate + NADH 


( esee] 


Malate + МАО! ==== oxaloacetate + NADH 


MITOCHONDRION Citrate Acetyl-CoA 


Figure 7.9 


Krebs?^ has confirmed that such a difference exists. (See Appendix 7.1 for a 
discussion of the techniques for measuring cytoplasmic and mitochondrial 
[NAD*]/[NADH] ratios.) The [NAD*]/[NADH] ratios in the mitochondrial 
and cytoplasmic compartments were shown to be completely different. 
Moreover the cytoplasmic ratio decreased under ketotic conditions, whereas 
the mitochondrial ratio remained fairly constant (see Table 7.8). 


Table 7.8. The calculated cytoplasmic [NAD*]/[NADH] and [NADP*]/[NADPH] 
ratios and the mitochondrial [NAD*]/[NADH] ratios in livers from fed, starved and 


alloxan-diabetic rats 
[NAD*]/[NADH] 
Se 

Condition of animal Cytoplasmic Mitochondrial [NADP*]/[NADPH] 
Fed 725 78 0-012 
Starved (48 hours) 528 5-6 0.002 
Alloxan-diabetic 208 ' 96 =$ 
Sucrose-casein diet 1,270 51 0-009 

for 5 days 
Low-carbohydrate diet 443 40 0:002 

for 5 days 


The ratios are calculated from the formula, [NAD* [NADH] (or [NADP*]/[NADPH]) = 
[oxidized substrate]/[reduced substrate] X 1/K. The cytoplasmic and mitochondrial [NAD * ]/ 
[NADH] ratios are calculated for the lactate dehydrogenase system and the 3-hydroxybutyrate 
system, respectively.?* The cytoplasmic [NADP * [NADPH] ratio is calculated from the 
NADP-linked malate dehydrogenase system (pyruvate + NADPH + CO, — malate + 
МАРР),36 
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Knowledge of the mitochondrial ratio of [NAD*]/[NADH] permits the 
calculation of the intramitochondrial concentration of oxaloacetate from the 
following equation 


[NAD*] 
[NADH] mitochondria 


Applying the assumption that malate is equally distributed between the 
mitochondrial and cytoplasmic compartments, the hepatic mitochondrial 
concentration of oxaloacetate increases from 0-11 ИМ in the fed state to 
0-14 uM in the alloxan-diabetic state. This work strongly suggests that the 
hypothesis of Wieland and colleagues for the mechanism of control of 
the mitochondrial oxaloacetate concentration is untenable. 


[oxaloacetate] = [malate] x Kypy x | 


(ii) Control of oxaloacetate concentration via changes in gluconeogenic enzyme 
activities. Krebs and coworkers have shown that changes in the redox state 
within the mitochondria cannot account for a decrease in the concentration 
of oxaloacetate in this compartment. Nevertheless, they accept that a 
decreased mitochondrial concentration of oxaloacetate can explain the 
decreased activity of citrate synthase during ketogenesis. An alternative 
reason for the fall in oxaloacetate concentration is proposed. Conditions 
which cause high rates of ketone body production by the liver (for example, 
alloxan diabetes and bovine ketosis) are associated with an exceptionally 
high demand for glucose and it has been found that the maximum activities 
of a number of gluconeogenic enzymes increase under such conditions.! " In 
the livers of alloxan-diabetic rats the activity of phosphoenolpyruvate carb- 
oxykinase is increased about two-fold whereas that of pyruvate carboxylase 
is hardly changed (Table 7.9). Therefore, the steady-state concentration of 


Table 7.9. Activities of pyruvate carboxylase and phosphoenolpyruvate carboxykinase 
in normal and ketotic rat and cow liver!?:49 


Enzyme activities 
(umol/min/g fresh weight liver) 


Phosphoenol- 
Pyruvate pyruvate 

Animal Condition carboxylase carboxykinase 
Rat Normal diet 1-18 0-48 
Starved (24 hours) 121 0-62 
Low-carbohydrate diet 0:94 0-74 
Alloxan-diabetic 126 0:92 
Cow Non-lactating 124 1.30 
Normal lactating 0-76 0-99 


Ketotic (lactating) 134 1:05 
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oxaloacetate should be decreased (see Figure 7.10). (The steady-state con- 
centration of any intermediate depends upon the capacities of the reaction 
producing the intermediate and that removing it—see Table 4.4. 


Glucose 


Phosphoenolpyruvate 


'osphoenolpyruvote 
carboxykinase 


Malate === Oxaloacetate CYTOPLASM 


EXTEND dd 


Malate === Охајоасе!аје MITOCHONDRION 


Pyruvate 
carboxylase 


Pyruvate 


Figure 7.10. Role of pyruvate carboxylase and 
phosphoenolpyruvate carboxykinase in regulation 
of the concentration of oxaloacetate. 


The limitation of this explanation for the change in mitochondrial oxalo- 
acetate concentrations tatit only appliesin severe ketoticconditions (suchas 
in alloxan diabetes). For this reason Krebs'? has distinguished ‘pathological 
ketosis’, in which the ketone body level in the blood is very high, from ‘physio- 
logical ketosis’ in which the ketone body level in the blood is approximately 
2 mM (as in starvation). In conditions of *physiological ketosis' there is no 
change in the activities of pyruvate carboxylase or phosphoenolpyruvate 
carboxykinase (Table 7.9) and the above explanation for the decreased 
oxaloacetate concentration is untenable. Furthermore, it has also been 
shown that the activities of the two enzymes are unchanged in livers of cows 
suffering from bovine ketosis (see Table 7.9). 

An important difference between these two theories for the control of the 
oxaloacetate concentration is that in Wieland's theory the total concentration 
of malate and oxaloacetate in the liver should either remain constant or 
increase, whereas in Krebs’ theory the total concentration should be de- 
creased. The hepatic contents of malate and oxaloacetate in various condi- 
tions are presented in Table 7.7. In alloxan diabetes and in animals that 
have been fed a high-fat diet the total content of oxaloacetate and malate in 
the livers is increased, whereas in bovine ketosis there is a decreased content 
of oxaloacetate but no detectable change in the content of malate. 
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(b) Theory of control of citrate synthase by ATP 


If hepatic citrate synthase is a regulatory enzyme, its properties may 
provide the basis for a theory of control of the TCA cycle in liver. This enzyme 
is inhibited in vitro by ATP and to a lesser extent by ADP and AMP: the 
inhibition is competitive with acetyl-CoA. On the basis of these properties it 
has been proposed that in ketotic conditions the mitochondrial concentra- 
tion of ATP is increased and this causes inhibition of citrate synthase and an 
elevation in the concentration of acetyl-CoA. The rate of ketone body 
production by the HMG-CoA cycle is correspondingly increased. Evidence 
for this theory has been obtained exclusively from experiments with liver 
mitochondria.?5 

Isolated liver mitochondria readily oxidize palmitoyl-carnitine to acetyl- 
CoA. Further metabolism of acetyl-CoA can produce either ketone bodies 
or TCA cycle intermediates. In the presence of fluorocitrate the TCA cycle 
is inhibited at the level of aconitase and the activity of citrate synthase can 
be measured by following the accumulation of citrate. A technical problem 
arises in experiments with isolated mitochondria. Since only a relatively 
few mitochondria can be used in a single experiment, the concentrations of 
citrate or ketone bodies that accumulate are too small to detect by conven- 
tional enzymatic analysis. This problem was elegantly overcome by relating 
the oxygen uptake and the amount of substrate (palmitoyl-carnitine) 
utilized in any one experiment to the eventual product of oxidation. The 
oxygen uptake by the mitochondria varies according to the amount of 
substrate utilized and according to the actual end-product of f-oxidation 
(acetoacetate, 3-hydroxybutyrate or citrate): the ratio of oxygen uptake to 
palmitoyl-carnitine utilized varies only with the product of B-oxidation (see 
Table 7.10). Using this technique it proved possible to detect whether mito- 


Table 7.10, Stoichiometry of palmitoyl-carnitine oxidation by rat liver mitochondria?* 


Atoms oxygen/ 
moles palmitoyl- 


Reaction End product carnitine 
A. Palmitoyl-carnitine + 70, — 4 acetoacetate Acetoacetate 14 
B. Palmitoyl-carnitine + SO, — 4 3-hydroxybutyrate 3-hydroxy- 10 
Ч butyrate 
C. Palmitoyl-carnitine + malate + ПО, > 8 citrate Citrate 22 


A E А 


chondria were producing citrate (that is, an active citrate synthase) or 
ketone bodies (that is, an active HMG-CoA cycle), The results of such experi- 
ments demonstrated that if conditions were selected such that the mito- 
chondria produced sufficient ATP, ketone bodies were always the end- 
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products of B-oxidation, but when the ATP concentration was experimentally 
reduced (for example, by addition ofan uncoupling agent to the mitochondria), 
citrate was formed. These experiments provide good evidence that, in isolated 
mitochondria, citrate synthase could be regulated by the ATP concentration. 

Measurement of the total ATP content of normal and ketotic livers 
provides another means for testing the theory. In the ketotic state the total 
hepatic content of ATP is decreased by about 15 % (Table 7.11). Therefore, if 


Table 7.11. Effects of starvation and alloxan-diabetes on the contents of adenine 
nucleotides in rat liver* 


Hepatic content 
(umol/g fresh weight) 
Condition of rat ATP ADP АМР ATP/ADP ATP/AMP 
Fed 245 0-760 0-130 32 18-8 
Starved (24 hours) 178 0-778 0-155 22 117 
Starved (48 hours) 1-86 0-825 0-184 23 10-4 
Alloxan-diabetic 2.33 0-889 0:230 26 10-1 


* The livers were freeze-clamped in situ.*! 


citrate synthase is inhibited by ATP in the liver under ketonic conditions, it 
is necessary to assume that the mitochondrial ATP concentration increases 
while that of the cytoplasmic compartment decreases. Furthermore one must 
assume that the ATP concentration in the mitochondria is so small in 
comparison with that in the cytoplasm that only the ATP concentration in 
the cytoplasmic compartment contributes significantly to the total cellular 
ATP content. , 

Satisfactory interpretation of all three hypotheses for the regulation of 
citrate synthase activity requires information concerning the distribution of 
metabolites between the mitochondrial and cytoplasmic compartments in the 
intact liver cell At present, there are no methods available for such an 
experimental investigation, a fact which emphasizes a major limitation in 
modern biochemical technology, and which will restrict the development of 
knowledge in the field of metabolic biochemistry until it can be resolved. 


APPENDIX TO CHAPTER 7 


APPENDIX 7.1. THE [NAD*]/[NADH] RATIOS IN THE 
CYTOPLASMIC AND MITOCHONDRIAL COMPARTMENTS 
OF THE LIVER CELL 

(a) Measurement of [NAD*]/[NADH] ratios 
Lactate dehydrogenase, which is located solely in the cytoplasmic com- 
partment in the liver cell, catalyses the following reaction 
lactate + МАР“ 5 pyruvate + NADH + Н+ 
Since the enzyme is highly active in liver, it is assumed to catalyse a reaction 
close to equilibrium. Therefore the following equation should be approxi- 
mately valid: 
K _ [pyruvate] x [NADH] 
LPH ^ [lactate] x [NAD*] 
where К, рн is the apparent equilibrium constant for the lactate dehydro- 
genase reaction at pH 0. 
Therefore 
[NAD*] [pyruvate] y 1 
[NADH] [lactate] ` Крон 


Since the contents of pyruvate and lactate can be measured in freeze-clamped 
liver and since the value for К, ьн can be measured in vitro (see Chapter 1, 
Appendix 1.1), the [NAD*]/[NADH] ratio in the cytoplasmic compartment 
of the liver cell can be calculated. This value is 725 in the liver of a well-fed 
rat and is decreased to values of 528 and 208 by starvation and alloxan- 
diabetes, respectively.?^ 

The enzymes, 3-hydroxybutyrate dehydrogenase and glutamate dehydro- 
genase, are both located solely in the mitochondrial compartment of the liver 
cell where they catalyse the following reactions: 


3-hydroxybutyrate + МАР" < acetoacetate + NADH + Н+ 
glutamate + МАР“ = oxoglutarate + NADH + Н+ + NH; 


Since both enzymes are very active in liver, it is assumed that they catalyse 
reactions which are close to equilibrium. Therefore the following equations 
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should be approximately valid 


Kors [acetoacetate] x [NADH] 
HPP — [3-hydroxybutyrate] x [NAD*] 


(7.1) 


Therefore [NAD+] _ [acetoacetate] Я f 
[NADH]  [3-hydroxybutyrate] ^ Киз 


where Кивр is the apparent equilibrium constant for this reaction at pH 0. 
[oxoglutarate] x [NADH] x [NH] 


Корн = [glutamate] x [NAD*] Э 
Therefore [NAD+]  [oxoglutarate] x [NH] d 1 
[NADH] [glutamate] Корн 


where Корн is the apparent equilibrium constant for the reaction at pH 0*. 

Since the contents of the redox couples and ammonia can be measured in 
lreeze-clamped liver and since the equilibrium constants for the above 
reactions can be measured in vitro, the mitochondrial [NAD*]/[NADH] 
ratios can be calculated. For the 3-hydroxybutyrate dehydrogenase reaction 
he mitochondrial [NAD*]/[NADH] ratios were 7-8, 5-6 and 9-6 for livers 
from fed, starved and alloxan-diabetic rats, respectively. For the glutamate 
dehydrogenase reaction the corresponding values were 7.3, 47 and 10.8. 
Thus the two systems give rise to similar values for the mitochondrial 
NAD*]/[NADH] ratios under various conditions. 


b) The importance of the difference between mitochondrial and cytoplasmic 
redox states 

Measurements of the total contents of NAD* and NADH in liver tissue (or 
isolated compartments) do not provide valid information about the concen- 
tration of the pyridine nucleotides which are available to various dehydro- 
genase enzymes. Although the elegant work of Williamson, Lund and K rebs?* 
enables the concentration ratio of [NAD* ]/|NADH] to be measured in the 
two important compartments of the liver cell (mitochondria and cytoplasm), 
the actual concentrations of NAD* and NADH in these compartments are 
unknown. However, the results of this investigation have emphasized the 
restriction that is placed upon many, if not all, theories of control by the lack 
of information on such compartmentation. Despite the fact that the absolute 
concentrations of NAD* and NADH cannot be measured, it has been 
established that the mitochondrial and cytoplasmic compartments differ 
markedly in their redox state. Why should this difference arise? The cyto- 
plasmic glyceraldehyde-3-phosphate dehydrogenase catalyses a reaction 

* The values of the equilibrium constants used in the calculations of the [NAD *]/[NADH] 
ratios refer to pH 7-0, I 0-25 and 38 °С. 


326 REGULATION IN METABOLISM 


which, in liver, is probably close to equilibrium. Therefore the flux through 
this reaction depends upon the ratio of the concentrations of reactants and 
products. 


МАР“ + P, + glyceraldehyde-3-phosphate є 
NADH + 1:3-diphosphoglycerate 


The rate of the reaction in the direction of glycolysis depends in part upon 
the concentration of glyceraldehyde-3-phosphate. This compound is in 
equilibrium with dihydroxyacetone phosphate via the action of triose 
phosphate isomerase and both triose phosphates are in equilibrium with 
fructose diphosphate via the action of aldolase. Since these equilibria are 
in favour of dihydroxyacetone phosphate (22/1) and fructose diphosphate 
(10/1) respectively, the concentration of glyceraldehyde-3-phosphate should 
be extremely low and this has been confirmed by the measurement of its 
content in liver. The low concentration of glyceraldehyde-3-phosphate will 
limit the flux through this reaction in the direction of glycolysis unless the 
[NAD*]/[NADH] ratio is high. 

However, in the mitochondria the [NAD*]/[NADH] system must be 
maintained at a much more reduced level (about 10) in order to provide 
sufficient reducing power to ‘drive’ electrons along the electron-transport 
chain to generate ATP. If the ratio [NAD* ИМАРН] in the mitochondria 
was as high as 10°, reversal of oxidative phosphorylation would undoubtedly 
occur from the flavoprotein and cytochrome-c levels with consequent 
hydrolysis of ATP. 

Thus, in order to maintain a satisfactory rate of glycolysis in the cytoplasm 
and a satisfactory rate of electron transport in the mitochondria, a large 
difference between the [NAD*]/[NADH] ratios in the two compartments 
is required. This explains why the mitochondrial membrane is impermeable 
to pyridine nucleotides and why transportation of hydrogen across the 
mitochondrial membrane requires metabolite shuttles such as the glycerol-1- 
phosphate cycle (see Chapter 3, Section A.2). Moreover, these shuttles must 
be non-equilibrium processes if equilibration of the two redox pools on 
either side of the mitochondrial membrane is to be avoided. 

Since the [NAD+ J|[NADH] ratio is very large in the cytoplasmic com- 
partment, the ability of this system to cause reductions is limited. The 
reactions of glyceraldehyde-3-phosphate dehydrogenase and glycerol phos- 
phate dehydrogenase, which are specific for МАР", can be used reductively 
in the biosynthesis of glucose and glycerol phosphate (for triglyceride forma- 
tion). However, in the biosynthesis of fatty acids the C=O group has to be 
reduced to a CH; group and probably the NAD*-NADH system in the 
cytoplasm of the liver cell is too oxidized to cause such a reduction. Conse- 
quently, fatty acid synthesis utilizes the NADP*-NADPH system, which is 
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maintained in a more reduced state. Recent work has shown that in the 
liver cell the [NADP*]/[NADPH] ratio is approximately 0-01 (Table 7.8). 
Therefore this system is five orders of magnitude more reduced than the 
[NAD* ]/[NADH] system in the cytoplasm. This emphasizes the need for 
the two very similar pyridine nucleotide redox systems (NAD*-NADH and 
NADP*-NADPH) in living organisms. 
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INDEX OF METABOLIC EFFECTS 
OF HORMONES 


A. INSULIN 
1. Effects on muscle 
(a) In vitro 
(i) Glucose transport. Insulin increases the transport of glucose across the 


muscle cell membrane. This is a specific stimulation of the membrane trans- 
port process (Chapter 3, Section C.2), the mechanism of which is not known. 


(ii) Glycolysis. Insulin increases the rate of glycolysis in muscle. The resultant 
increase in flux through the hexokinase and phosphofructokinase reactions is 
likely to be caused solely by an increase in the concentrations of their 
substrates. Insulin, in the isolated rat heart perfused with a concentration of 
5mM glucose, increases the intracellular concentration of glucose and the 
contents of glucose-6-phosphate, fructose-6-phosphate and fructose di- 
phosphate." Thus, the stimulation of glucose transport raises the intracellular 
concentration of glucose and consequently stimulates hexokinase. The 
increased hexokinase activity raises the concentrations of glucose-6-phos- 
phate and fructose-6-phosphate which relieves the ATP inhibition of 
phosphofructokinase and increases the activity of this enzyme! (Chapter 3, 
Section D.2). This theory proposes that glycolysis is increased primarily 
by the increase in the concentration of intracellular glucose. If intracellular 
glucose concentration could be measured precisely, it might be possible 
to ascertain, from a consideration of the properties of hexokinase in vitro, 
if this increase was sufficient to account for the observed stimulation of 
hexokinase activity. Unfortunately it is not possible to measure the precise 
concentration of intracellular glucose (see Chapter 3, Section C.2). Cori and 
coworkers proposed long ago that insulin stimulates hexokinase activity 
directly (see Chapter 3, Section C.2). There is, of course, no direct evidence to 
support such an effect, but the fact that, of the four known isoenzymes of 
hexokinase in mammalian tissues, type II predominates in the insulin- 
sensitive tissues, has renewed interest in this possibility. 


(üii) UDPG-glucosyltransferase. Insulin stimulates markedly the conversion 
of glucose to glycogen in muscle (Chapter 4, Section E.1). The activity of the 
regulatory enzyme for glycogen synthesis, UDPG-glucosyltransferase, is 
increased by insulin: the less active D form is converted into the more active I 
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form (Chapter 4, Section E.3). This conversion is achieved as a result of a 
decrease in the activity of protein kinase. However, in muscle, this is not 
brought about by a reduction in the cyclic AMP content. Two forms of 
protein kinase exist in equilibrium in the cell, one form is active in the absence 
of cyclic AMP (the C form) and the other requires cyclic AMP for activity (the 
RC form) (Chapter 4, Section E.5(b)). The effect of insulin may be to move the 
equilibrium in favour of the RC form so that the activity of protein kinase is 
reduced, despite the fact that the concentration of cyclic AMP in the cell is 
unchanged (Chapter 4, Section E.5(b)) It is not known how insulin could 
modify the equilibrium of the two forms of protein kinase. 


(iv) Protein synthesis. Insulin increases the rate of protein synthesis in 
muscle tissue both in vivo and in vitro. The subject of the hormonal control of 
protein synthesis has not been discussed in this book since, if it were to be 
covered adequately, another volume would be required. In brief, insulin 
stimulates at least two processes in protein synthesis in muscle: the transport 
of amino acids across the cell membrane and the conversion of t-RNA- 
bound amino acids into protein (the process of translation which occurs at 
the ribosomal level) Most of the current research effort is concentrated 
upon an understanding of the effect of insulin on the translational process 
but there are a number of different theories which attempt to explain this 
effect. Several excellent reviews have been written on this subject of hormones 
and the control of protein synthesis.:*:5:975 One of the major difficulties 
in understanding the action of hormones on protein synthesis is that many of 
the enzymatic reactions at the ribosomal level have not yet been elucidated. 
Therefore it is not yet possible to define potential regulatory sites for the 
pathway of protein synthesis and this makes it exceedingly difficult to 
propose satisfactory theories of control according to the approach outlined in 
Chapter 1 (Section C). 

The effects of insulin on protein synthesis and on carbohydrate metabolism 
are known to be independent—that is, the stimulation of protein synthesis by 
insulin is not dependent upon an effect on carbohydrate metabolism, and 
vice versa. Thus, in the absence of glucose in the incubation medium or in the 
presence of phloridzin (a potent inhibitor of glucose uptake by muscle), 
insulin stimulation of protein synthesis can be demonstrated? and, conversely, 
insulin increases glucose transport and glycolysis in the presence of inhibitors 
of protein synthesis (such as puromycin). +° 


(v) RNA synthesis. Insulin increases the rate of RNA synthesis in muscle. 
This is undoubtedly related to the effect of insulin on protein synthesis (see 
references 4, 6 and 8). 


(b) In vivo 


The in vitro effects of insulin on carbohydrate metabolism and on protein 
synthesis outlined above can also be demonstrated in vivo. Thus, both protein 


METABOLIC EFFECTS OF HORMONES 331 


synthesis and glucose utilization by muscle are markedly reduced in alloxan- 
diabetic animals. Nevertheless, it is possible to speculate that the effect of 
insulin in stimulation of membrane transport of glucose is of little physio- 
logical importance under most conditions. Thus, the sensitivity to insulin of 
the glucose uptake process in muscle is much less than the lipolytic process in 
adipose tissue." Consequently, in vivo it is possible that changes in the 
circulating level of insulin may influence glucose utilization in muscle not 
directly, but indirectly, via changes in the plasma fatty acid concentration. A 
decrease in plasma insulin level will increase the rate of fatty acid mobiliza- 
tion from adipose tissue (see below) so that the plasma fatty acid level is 
elevated and this in turn inhibits glucose uptake by muscle. An increase in 
plasma insulin level will lower the plasma fatty acid level and increase glucose 
utilization (see Chapter 3, Section D.5 and Chapter 5, Sections B.3 and 
B.4(b)(ii)). Possibly these indirect effects represent the mechanism by which 
insulin normally controls the rate of glucose uptake and only when excessive 
carbohydrate has been ingested is the level of insulin raised sufficiently to 
exert a direct effect on glucose uptake by the muscle. 

In any discussion of the hormonal control of carbohydrate metabolism 
by muscle, the effects of hormones on fatty acid mobilization from adipose 
tissue must be considered, since these hormones indirectly modify carbo- 
hydrate metabolism in the muscle (see Chapter 5, Sections B.3, B.4 and C). 


2. Effects on adipose tissue 


(i) Glucose transport and glycolysis. Insulin increases the transport of glucose 
into the adipose tissue cell and increases the rate of glycolysis. The stimula- 
tion of glycolysis may be caused solely by the increase in the rate of transport 
of glucose into the cell and the resultant increase in the concentration of 
intracellular glucose (Chapter 5, Section A.1(b)(iii)). There is some evidence 
that insulin can modify the concentration of hexokinase in adipose tissue. 
The activity of this enzyme is decreased in starvation and alloxan diabetes 
and increased upon re-feeding or following insulin administration! 


(ii) Esterification. Insulin increases the rate of esterification in adipose tissue 
and this is particularly important in the control of fatty acid mobilization. 
The increased entry of glucose and the consequent stimulation of glycolysis 
may be responsible for an increase in the content of glycerol-1-phosphate 
which in turn may be the direct cause of the increase in esterification. How- 
ever, insulin might exert a more direct effect on one of the enzymes involved 
in the esterification process (see Chapter 5, Section B.3). 


(iii) Lipogenesis. Insulin increases the rate of triglyceride synthesis from 
either glucose or acetate. The pathway from acetyl-CoA to long-chain acyl- 
CoA, like the glycolytic pathway, is stimulated by insulin. However, the 
mechanism by which insulin modifies the rate of this pathway is unknown. 
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Since acetyl-CoA carboxylase is considered to be the regulatory enzyme in 
this pathway and since it is activated by citrate, it is possible that insulin may 
increase the cytoplasmic concentration of citrate. However, insulin has no 
effect upon the total citrate content in isolated adipose tissue (see Chapter 5, 
Section A.1(b)(iv)). Recently, pyruvate dehydrogenase from adipose tissue has 
been found to exist in two forms, inactive (phosphorylated) and active 
(dephosphorylated), which are interconvertible via phosphokinase and 
phosphatase reactions. Insulin increases the proportion of the dephosphory- 
lated (i.e. active) form in the tissue and this action may be important in the 
stimulation of the conversion of glucose and glycolytic residues into fat 
(Chapter 5, Section A.1(b)(iv)). However, this effect cannot explain how the 
hormone stimulates the conversion of acetate into fat. 


(iv) Pentose phosphate pathway. The pentose phosphate pathway in adipose 
tissue is responsible for the generation of at least part of the reducing power 
(NADPH) necessary for fatty acid synthesis. Insulin increases the rate of the 
pentose phosphate pathway. The evidence indicates that this pathway is 
regulated by the availability of NADP*, which implies that the insulin effect 
is due to a stimulation of fatty acid synthesis and a consequent increase in the 
concentration of NADP* (see Chapter 5, Section A.1(b)(ii)). 


(v) Lipolysis. Insulin decreases the rate of release of fatty acids and glycerol 
from adipose tissue. This effect may be explained by a decrease in the con- 
centration of cyclic AMP and a consequent decrease in the activity of tri- 
glyceride lipase (see Chapter 5, Section B.4(b)(ii)). It is not known how insulin 
lowers the cyclic AMP concentration. The antilipolytic action of insulin on 
adipose tissue is observed at lower concentrations than are required to 
stimulate glucose uptake by muscle.!? This fact re-emphasizes the specula- 
tive possibility that under most normal conditions the physiological action 
of insulin in lowering the blood sugar level may be related to its ability to 
lower the plasma fatty acid (and ketone body) level rather than its ability to 
influence glucose uptake by muscle. 


(vi) Lipoprotein lipase. Insulin increases the lipoprotein lipase activity in 
adipose tissue and consequently facilitates the uptake of plasma triglyceride. 
The increase in activity may be caused by a stimulation of the synthesis of this 
enzyme rather than an increase in specific catalytic activity and it is possible 
that the decrease in concentration of cyclic AMP plays some part in this 
postulated change in rate of enzyme synthesis. +? 


(vii) Protein synthesis. Insulin increases protein synthesis in adipose tissue, 
but this has not been studied to any large extent in this tissue. 
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3. Effects on liver 


The liver differs from both adipose tissue and muscle in an important 
respect. The transport of glucose across the liver cell membrane is an equili- 
brium process and is thus not modified by insulin. Nonetheless, insulin is 
able to modify the rates of release and uptake of glucose by the liver both in 
vivo and in vitro! ^15 


(i) Glucokinase activity. The role of glucokinase in the regulation of uptake 
and release of glucose by the liver has been discussed in Chapter 6 (Section B.1). 
The amount of glucokinase in this tissue appears to be regulated by the 
plasma levels of glucose and insulin: it has been suggested that insulin 
causes a specific increase in the synthesis of this enzyme in liver. There is no 
doubt that the activity of this enzyme increases in the liver under conditions 
when the plasma insulin level is high (as in carbohydrate feeding) and it 
decreases when the plasma insulin level is low (as in starvation and alloxan 
diabetes). The activity of glucose-6-phosphatase also changes but in the 
opposite direction to that of glucokinase. Insulin may be responsible for 
both of these changes (see Chapter 6, Section B.1). Since these changes in 
enzyme activity are the result of modifications in the amount of enzyme- 
protein, there is a time lag of several hours before these effects are observed. 
These changes in enzyme activity may be responsible, in part, for the effects of 
insulin on glucose uptake and release by the liver. 


(ii) Glycogen synthesis. Insulin increases the rate of glycogen synthesis in 
liver by stimulating the synthesis of UDPG-glucosyltransferase as well as by 
causing the conversion of some of the D form of the enzyme into the I form. +6 
Insulin may lower the concentration of cyclic AMP in the liver (Chapter 6, 
Section C.10(c)) and this could be responsible for the conversion of D form 
into the I form via an inhibition of protein kinase. The effects of insulin upon 
both UDPG-glucosyltransferase and glucokinase may be important in 
causing increased glucose uptake by the liver. 


(iii) Gluconeogenesis. Insulin decreases the rate of gluconeogenesis in the 
liver. The reduced concentration of cyclic AMP may be responsible for this 
effect, although the mechanism by which cyclic AMP modifies gluconeo- 
genesis is not known (see Chapter 6, Section С.10(с)). Insulin may also modify 
the rate of gluconeogenesis by reducing the availability of the precursors, 
amino acids and glycerol, in the plasma (see Chapter 6, Sections C9 and 
САЙ). 


(iv) Fatty acid and triglyceride synthesis. Insulin increases the rate of fatty 
acid synthesis and triglyceride formation (esterification) in liver. Unfortu- 
nately, little is known about the regulation of these pathways in the liver (see 
Chapter 7, Section C.1). 
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(v) Protein and RNA synthesis. Insulin increases protein and RNA synthesis 
in the liver.?:5:5 


4. Brain and kidney cortex 


Despite the fact that insulin probably has no direct effect upon carbohy- 
drate metabolism in brain or in kidney cortex, it does modify the metabolism 
in both tissues indirectly by changing the plasma concentrations of ketone 
bodies (see Chapter 6, Sections A.2(b)(i) and C.6; Chapter 7, Section E.2). 


5. Other tissues 


Insulin may modify the metabolism of other tissues but since these have 
not been discussed in this book they have been omitted from this index. 


B. GROWTH HORMONE 


There are several good reviews describing the metabolic and physiological 
effects of growth hormone (see particularly references 17, 18, 19). 


1. Effects on adipose tissue 


Growth hormone stimulates the mobilization of fatty acids from adipose 
tissue and hence causes an increase in the plasma fatty acid and ketone 
body levels. This effect is only observed in the presence of glucocorticoids. 
The stimulation may be explained by an increase in the concentration of 
adenyl cyclase in the cell, so that the concentration of cyclic AMP is elevated 
and the activity of the triglyceride lipase is increased (see Chapter 5, Section 
B.4(b)(i). This effect of growth hormone may explain, at least in part, the long- 
established antagonism between the secretions of the anterior pituitary 
(particularly growth hormone and ACTH) and the secretions of the |- 
cells in the pancreas (insulin). 


2. Effects on muscle 


The effects of growth hormone on muscle in vitro that have been described 
to date® are probably physiologically unimportant. However, its effects in 
vivo are of fundamental importance. First, growth hormone acts by increasing 
the mobilization of fatty acids from adipose tissue. The plasma concentra- 
tions of fatty acids and ketone bodies are increased and these inhibit glucose 
utilization by muscle and antagonize the action of insulin (Chapter 3, Section 
D.5). This is the basis of the glucose/fatty acid cycle (Chapter 5, Section C). 
Second, growth hormone, as its name implies, stimulates RNA and protein 
synthesis in muscle and other tissues."?? In terms of rational metabolic 
effects of hormones, growth hormone may appear to be somewhat enigmatic. 
It is responsible, in part, for fatty acid mobilization from adipose tissue during 
starvation (that is, when there is no growth, or even negative growth), yet it 
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also plays an important role in stimulation of RNA and protein synthesis 
and the control of growth. This apparent paradox only reflects our inability to 
understand fully the complex interplay of metabolic factors involved in the 
process of growth. Although an oversimplification, a possible explanation for 
this metabolic paradox has been proposed by Rabinowitz and Zierler.?'-?? 
They suggest that the period after a meal may be divided into at least three 
stages: immediate post-prandial, delayed post-prandial and remote post- 
absorptive. 

In the immediate post-prandial stage, insulin is the dominant hormone so 
that storage of available fuels obtained from the diet takes place. In the 
delayed post-prandial stage, both insulin and growth hormone are present in 
the blood. This results in some fatty acid oxidation and spares carbohydrate 
and amino acids for biosynthetic reactions necessary for growth, which 
occurs at this stage. In the remote post-absorptive stage growth hormone is 
dominant and fatty acids are oxidized in preference to glucose, in order to 
conserve this fuel. This is the beginning of the starvation period. In other 
words, the metabolic effects of growth hormone may be divided into two 
classes, insulin-like and contra-insulin. The insulin-like or growth-promoting 
effects of growth hormone are obtained only in the presence of insulin. The 
contra-insulin effect (fatty acid mobilization) is obtained in the absence of 
insulin.?? 


3. Effects on other tissues 

Growth hormone probably has a stimulatory effect on protein and RNA 
synthesis in most tissues, although its effects on these processes in tissues 
other than muscle and liver have not been studied in detail. Growth hormone 
can indirectly modify the metabolism of the liver by increasing the plasma 
concentration of fatty acids, so that the rates of triglyceride and ketone body 
formation increase (Chapter 7, Sections C.1 and C.2) An increase in the 
plasma level of ketone bodies stimulates gluconeogenesis in the kidney cortex 
(Chapter 6, Section C.6) and inhibits glucose utilization in brain (Chapter 7, 
Section E.2). 


C. ADRENALINE AND GLUCAGON 


Both these hormones activate the enzyme adenyl cyclase ina variety of 
tissues and therefore increase the concentration of cyclic AMP. At physio- 
logical concentrations of the hormones adrenaline should affect тр апа 
adipose tissue and glucagon should affect liver and adipose tissue. 

In muscle the biochemical and physiological effects of adrenaline are to 
activate phosphorylase and stimulate glycogen breakdown, so that glycolytic 
intermediates are provided for the energy that will be necessary n the ‘fight 
or flight’ muscular activity. A detailed discussion of the evidence and the 
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physiological importance of the mechanism by which adrenaline controls 
phosphorylase is presented in Chapter 4 (Section D.3). In muscles which 
possess endogenous triglyceride (usually red muscles), an elevation in the 
cyclic AMP content may activate the triglyceride lipase and provide fatty 
acyl-CoA, as a fuel for respiration, in addition to glycolytic intermediates 
obtained from glycogen. In adipose tissue, the triglyceride lipase is stimulated 
by the rise in cyclic AMP level, fatty acids are mobilized, and the plasma 
fatty acid level is increased. This is important in conditions of stress, since 
both the endogenous fuels (glycogen and triglyceride in the muscles) and the 
exogenous fuels (fatty acids and glucose in the blood) are mobilized. The 
hormonal control of fatty acid mobilization during stress is discussed in 
detail in Chapter 5 (Section B.4(a)). 

In terms of the molecular action of hormones, the mechanisms by which 
glucagon and adrenaline activate adenyl cyclase are important, since they 
must represent very early biochemical events in the actions of these hormones. 
At present, it seems likely that the hormone initially binds to an acceptor 
molecule on the surface of the cell membrane and this somehow modifies 
the catalytic activity of adenyl cyclase. This elevates the intracellular con- 
centration of cyclic AMP which functions as a ‘secondary messenger’ inside 
the cell.?^ 

Glucagon stimulates triglyceride lipase activity in adipose tissue and this 
results in fatty acid mobilization. This effect of glucagon may be of physio- 
logical importance in starvation (see Chapter 5, Section B.4(b)(iii)). In liver, 
glucagon raises the intracellular concentration of cyclic AMP and this 
stimulates glycogenolysis and gluconeogenesis (see Chapter 6, Sections A.2(a) 
and C.10, C.11). Glucagon also increases the entry of amino acids into liver, 
which is possibly important in the control of gluconeogenesis (Chapter 6, 
Section C.9). However, it is not known if this effect of glucagon is dependent 
upon changes in the cyclic AMP concentration in the liver cell. 
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Regulation in Metabolism is the only book Which discusses in detail the 
biochemistry of metabolic regulation of major energy producing and 
utilizing pathways in the cell, A derailed account of the conceptually difficult 
problem of the basic principles undectying metabolic regulation is provided, 
and these principles are used in the di f metabolic regulation of the 
pathways; Allosteric models are discu û historical point of view and 
the equations that describe these var: 5 are derived in such a way as 
to be comprehensible 10. поп“ -mathem ‘The book has been written 
with the experiences gained from te lectures and tutorials given to 
undergraduates е ideis. and Physiology at Oxford. 
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